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A STUDY OF SOLUTE-SOLVENT INTERACTIONS
IN SOME ASSOCIATED LIQUIDS
I  • A thesis presented for the degree of Ph.D. in the Faculty of Science
rjr-
of the University of St. Andrews by Nicholas Martinus.
■ ■'j ABSTRACT
tLi The variation of the viscosity of aqueous and non-aqueous
electrolyte solutions with salt concentration has been studied
fj and the results interpreted in terms of a number of mathematical 
models. The effects of ion-association on the viscosity ofi;
electrolyte solutions has been investigated by measuring the 
viscosity of aqueous solutions of some thallous salts.
The viscosities of alkali halide salts in formamide have 
been determined over a range of temperatures and new methods 
for the division of viscosity B~ coefficients into ionic 
contributions have been proposed. The results of these 
studies have been interpreted in terms of the ion-solvent 
interactions.
The intermolecular interactions present in binary liquid 
mixtures of formamide with methanol, ethanol propan-l-ol 
and butan-l-ol have been studied by viscosity measurements over 
the complete concentration range. Finally the usefulness of 
time domain dielectric spectroscopy in solute-solvent interaction 
studies has been briefly investigated.
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SUMMARY
The variation of the viscosity of aqueous and non- 4
aqueous electrolyte.solutions with salt concentration has 
been studied and the results interpreted in terms of a 
number of mathematical models. The effects of ion- 
association on the viscosity of electrolyte - solutions has 
been investigated by measuring the viscosity of aqueous 
solutions of some thallous salts.
The viscosities of alkali halide salts in formamide 
have been determined over a range of temperatures and new 
methods for the division of viscosity B- coefficients into 
ionic contributions have been proposed. The results oi 
these studies have been interpreted in terms of the ion- 
solvent interactions.
The intermolecular interactions present in binary 
liquid mixtures of formamide with methanol,ethanol propan- 
l-ol and butan-1-ol have been studied by viscosity measure­
ments over the complete concentration range. Finally the 
usefulness of time domain dielectric spectroscopy in 
solute-solvent interaction studies has been briefly 
investigated.
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CHAPTER ONE
1.1 INTRODUCTION
The study of solution interactions has attracted 
attention for more than a century. Such studies fall 
naturally into two categories, i.e. the investigation of 
electrolytic and non-electrolytic solutions.. The major 
drawback to the development of a completely satisfactory 
theory to explain solution interactions is our lack of
understanding of the liquid state itself, as was pointed 
out as early as 1889 ^oday It is accepted that any
theory of liquid solutions must be considered in relation 
to the structure of the solvent concerned.
Current theories of liquid structure can be 
divided into two main categories, lattice theories and 
distribution function theories. The lattice theories
assume a structure similar to a certain extent to the
2 5regular structure of a crystal e.g. Eyring , Podolsky 
etc. Although lattice theories are not particularly 
successful as predictive models on an ab initio basis 
they can provide good agreement with experiment when 
certain constants have been determined.
Distribution function theories on the other hand 
investigate the forces arising from interactions between 
moleculés and the manner in which these forces influence 
structure. Since liquids display only short-range order, 
as suggested by Samoilov , then the only quantitative way 
to describe liquid structure is by the construction of a 
radial distribution curve. This maybe achieved through 
X-ray and neutron diffraction studies. On the basis of 
these experiments, the radial distribution function of 
molecules is obtained from the first intensity maximum
. >11
~ 2 ”
of the radiation scattering. This function gives the 
probability of finding one molecule as a function of the 
distance from another. A knowledge of the distribution 
function is the minimum information required to develop 
a picture of the structure of liquids. This knowledge |
enables the calculation of the average distance of the 
adjacent molecules and the number of nearest neighbours.
However, information is required not only on the relative 
positions of the molecules, but also on the forces of 
interaction between them. Although a general theory of 
intermolecular forces has not been successfully developed, 
various properties of these forces are known. The primary 
forces which keep the molecules of a liquid together are 
van der Waals type forces which include dispersion forces, 
dipole-dipole interactions, dipole-induced dipole and 
hydrogen bonding. The repulsive forces between the molecules 
arise from the overlapping of the electron shells of the 
neighbouring molecules and the mutual repulsion of the 
atomic nuclei. A liquid may be considered to fluctuate 
between a large number of equally likely structures.
Research into electrolyte solutions is currently 
centred on two broad areas: ion-ion interactions and ion-
solvent interactions. The study of ion-ion interactions 
investigates the balance of electrostatic and thermal forces 
and the development of models for a time-averaged distribution 
of ions in solution. Since the successful interionic
5attraction theory of Debye and Hiickel a great deal of 
research has been concentrated in this area and refinements 
of their treatment of both equilibrium and transport 
properties have been made by numerous workers^*?*®. In
- 3 -
comparison, the study oi ion-solvent interactions is 
much less advanced and has not received the same attention.
A large volume of work has also been carried 
out on the interactions of non-electrolyte mixtures. From 
the initial attempt by Arrhenius ^ to predict the viscosity 
of binary mixtures, work has progressed to statistical 
thermodynamic models and the study of thermodynamic excess 
functions and partial molal quantities,
1.2 METHODS OF STUDYING SOLUTION INTERACTIONS
There are perhaps three main groups of methods 
for studying solution interactions; thermodynamic 
measurements, spectroscopic investigations and studies 
of transport processes.
(1) THERMODYNAMIC MEASUREMENTS
Thermodynamic properties of solutions are not 
only useful for estimating the feasibility of reactions 
in solutions, but they also offer one of the better 
methods of investigating the theoretical aspects of 
solution structure. This is particularly true for the 
standard partial molal entropy, enthalpy and the partial 
molal volumes of the solutes, values of which are sensitive 
to the arrangement of solvent molecules around a solute 
molecule. Enthalpies and free energies of solvation and 
transfer between solvents have also been valuable in testing 
theoretical relationships such ,as the Born equation 
The main sources of experimental data for these functions 
have been equilibrium studies, direct calorimetric 
measurements, density determinations and electrochemical 
measurements. In considering the thermodynamics of ion
- 4
Solvation, two equilibria of fundamental importance are;
MX (a) M (soln) + X (spin) (1.1)
M'(g) + X'(g) M (solv) ^(solv) (1-2)
These two processes are related to one another through a 
Born-Haber type cycle such as
“ (g) + ^(g) “ (g) X(g)
« « •Q-f + QSub
MX (S)
Q soln V“>  MÎ   + X
Q Solvation 
(soln) ^(soln)
In this cycle I and A are the ionisation potential of the 
metal atom M and the electron affinity of the non-metal 
entity X respectively. is the energy or enthalpy of
the process indicated e.g. A is an enthalpy of formation 
and A  ^solv correspond to processes (1) and
(2) respectively. The thermodynamic quantities for reaction 
( 1 ) are directly measurable ' and those of reaction (2) 
must be calculated from
A Gêsolv '^°soln A glattice
A h lattice
(1.3)
(1.4)
It is often preferable to work w i t h A c ^  andAHg^^y terras 
Since they can be divided, using certain non-thermodynamic 
methods, into ionic contributions, ^ However A a n d  
A a r e  directly measurable quantities and are therefore 
much more accurate than the corresponding energies and
J
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enthalpies of solvation. The entropies of solvation can 
then he calculated from
^  ^ lolv -
^solv “ ~ ^
The standard entropy of solvation is given by
^ K o l v  " ^  - Sg . (1-6)
where is the standard partial racial entropy of the
electrolyte and is the standard molal entropy of the
electrolyte in the gas phase calculated from the Sackur-
11Tetrode equation . A good example of the use of thermo-=
dynamic measurements in the study of ion-solvent interactions
1 ?is the work of" Parker et al, on the solvation of ions.
In this work use was made of transference cells to determine
the thermodynamics of transfer between various solvents,
(11) SPECTROSCOPIC INVESTIGATION
Spectroscopic techniques are widely used to
investigate solution interactions. Much work has been
done on the selective solvation of ions by nuclear magnetic
resonance spectroscopy. Infrared and Raman spectroscopy
have proved invaluable in the study of hydrogen bonding
and in elucidating the mechanisms of solvation. The use
of dielectric .opectroscopy^ techniques is a relatively new
tool in solvation studies. Time domain spectroscopy
enables the permittivity and loss factor of a solvent to
be determined over a range of frequency. The relaxation
time of molecules can also be measured by this technique.
In this work some associated liquids have been analysed
by time domain spectroscopy to assess its usefulness in
solvation studies.
6 -
(111)TRANSPORT PROCESSES
This covers a range of experimeatal techniques 
including viscosity, diffusion and electrolytic conduction 
studies. Information from all three sources is usefull 
in solution interaction studies. The measurement of the 
viscosity of electrolyte solutions and binary liquid 
mixtures was the main source of experimental results in 
this project.
The theory of liquid viscosity was developed 
from the concepts of hydrodynamics, the study of fluids 
in motion. The early development of this subject took 
place in the eighteenth century and workers of this period 
were mainly concerned with so called "perfect fluids", 
which were characterised by the fact that they had no 
tangential component of stress. Earlier, in the seventeenth
I %century Newton showed that the force F required to 
maintain a constant difference between two laminae with 
an area of contact A'was
d.vF = TJA ----  (1.7)d. s
where T] is called the coefficient of viscosity and is 
a characteristic constant for each liquid. The main 
development of the theory of viscous fluids was due to
Navier and Stokes 1^*15 is given in standard texts 16
Classical theories of solution were built upon 
the analogy between the behaviour of solute particles and 
that of molecules of an imperfect gas. The solvent was 
considered to be a mere provider of the atmosphere within 
which the solute particles moved. Modern theories of 
solution however stress the importance of considering not
- 7
only the effects of tho ions on the structure of the 
particular solvent but also the specific ion-solvent 
interactions involved, A solvated ion is no longer 
thought of as an ion that moves through the solution with
a certain numbef of solvent molecules bound to it. A
dynamic situation is now envisaged whereby solvent molecules 
spend an average period of time as nearest neighbours to 
solute particles.
The viscosity of a liquid can be considered to
be due to the interactions of the various solution species,
17In 1929 Jones and Dole ' deduced an empirical relationship 
between the concentration of solute and the viscosity of 
electrolyte solution, i.e.
T) /T)o = 1 + Aci H. Be (1.8)
where 7] is the viscosity of the solution, i] ^  that of the
solvent, c the concentration of solute and A and B constants 
characteristic of a solute in a given solvent,
Falkenhagen and Dole then showed that the Ac^ term in 
equation (1.8) corresponded to the ion-ion interactions 
within the solution. The B factor was shown to be a measure 
of the ion-solvent interactions.
Thç viscosities of aqueous solutions of thallous
salts and alkali halide solutions in formamide have been
determined and the results considered in terms of time-
19averaged physical models such as those of Frank and Wen 
and Samoilov ^ .
In general, the viscosity isotherms for non­
electrolyte binary mixtures are not linear and theoretical 
predictions can be made only in non-aésociating mixtures
OQof components with similar molar volumes “ • Viscosity 
studies therefore are unlikely to yield a clear 
moleculaf interaction mechanism for such binary liquids 
although it is possible to interpret the results in 
terras of specific interaction and complex formation.
CHAPTER TWO
" 9 -
EXPERIMENTAL TECHNIQUES
2.1 INTRODUCTION 4
I
i
i
Of the numerous methods of measuring viscosity, I;
considerations of accuracy, simplicity and susceptibility 6
to rigorous mathematical treatment have led to the
continued use and refinement of only a few.
The measurement of resistances to flow through
a tube is probably still the most accurate and widely
used method at the present time. Capillary viscometers
are comparatively simple and inexpensive, they require |
only a small quantity of test liquid, temperature control
is easy and a full mathematical treatement is possible.
In general, the liquid is made to flow through a capillary
tube under a known pressure difference and the rate of flow
is measured, usually by noting the time taken for a given
volume of liquid to pass a graduation mark. In certain
types of instruments, the liquid is forced through the
capillary at a pre-determined rate and the pressure drop
produced across the capillary is measured. Capillary
viscometers were used throughout this project and the
equations for laminar flow of a liquid through a cylindrical
tube are derived in the subsequent sections. A full account
of other methods of viscosity measurement has been given by
20 21Dinsdale and Moore and by Swindells and coworkers *
2.2 POISEUTLLE'S LAW
Until 1842, there was little knowledge of fluid 
flow through capillaries. Previous experimental investigations
09concerning flow through tubes had been carried out by Hagen^" 
who used wide brass tubes in his work. . Poiseuille^*
> -
" • • ... * ' ' ■ • • ■ ■ -ft. "   L—   '   -
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however, in an attempt to understand the flow of blood 
through the human body, undertook an exhaustive series of 
experiments to investigate the flow of liquid through 
capillaries. He proved that the conditions of flow through 
capillary tubes were much simpler than those in the wide |
tubes studied previously, and showed that
Pr^Q = K -f- (2,1)
where Q is the flux, P the applied pressure, r the radius 
of the capillary, 1 the length of the capillary and K a 
constant.
2.3 THEORETICAL DERIVATION OF POISEUILLE*S LAW
Consider a section of capillary tube of length
1, and let a liquid flow from A to B. fig (2,1)
It is assumed;
(1) that the flow is everywhere parallel to the 
axis (i.e. streamline);
(2) that there is no acceleration of the liquid 
at any point (i.e. steady flow)
(3) that there is no slip at the walls of the 
capillary;
(4) that the fluid is incompressible;
(5) that the fluid will flow when subjected to
the smallest shearing force, the viscous 
resistance being proportional to the velocity 
gradient.
Let the velocity of the liquid at a distance r from the 
axis of the capillary be v then the velocity gradient
- 11
A. B.
FIG. 2 1
D = ^  (2.2)
The fluid flows through the tube in the direction of the 
arrow by a pressure differential A P between A and B,
The force exerted by the pressure P on a cylinder of 
radius r is
F = It r'^ P (2.3)
acting in the direction of motion. The force due to the 
viscous resistance of the surrounding liquid on the surface 
of the cylinder is given by
'Ty;
'.i
't
dv (2.4)F2 = 2 U  rlT]
Since there is no acceleration of the liquid, these forces 
must be equal and opposite, i.e.
then
Thus
dvdr
V =
V =
-Pr211fl I
-Pr^ +CAIT]
From condition (3) ^  ' a when v 0
(2.5)
(2.6)
(2.7)
(2.8)
- 1 2 "
r^ = ’»1T) (2.9)
and the velocity of the fluid is given by
p »r^
^  = 10X1 (2.10)
The velocity distribution across the capillary is there­
fore parabolic. Since v is the distance travelled in 
unit time, the particles of liquid which were on the plane 
A at zero time will be on the surface of the parabola after 
unit time, in other words the volume of this paraboloid 
is the volume of liquid V which passes in unit time. The 
volume of this solid of revolution is given by
n o .
Q = 2 TU
Isubstituting for v OCL
(a^ - r^) r dt (2.12)
/3C
Q = ^
o
2 2
n _ TCPaA^ " 817) (2.13)
This formula* corresponds to the empirical Poiseuille 
0"%equation , If is the total volume of efflux in
time t, the formula becomes
o _ TtPa^t" 817] (2.14)
2.4 CORRECTION FACTORS 
STREAMLINE AND TURBULENT FLOW
In the theoretical derivation of Poiseuille’s 
law it was assumed that the flow in the capillary was 
everywhere parallel to the axis. It has been found 
experimentally that deviations from this assumption occur
at high rates of flow, and this was shown by Reynold;
“ 1 3 ” ■’I
1
to be due to a change from streamline to turbulent flow.
The type of flow can be characterised by a dimensionless 
quantity known as Reynolds Number defined by
^  (2.15)vd P" T|
where v, p and ^  are the mean velocity, the density and
the viscosity of the liquid respectively, and d is the
diameter of the tube. Turbulent flow normally occurs
when the Reynolds number reaches-a certain value, which
experiment has shown to be about 1400 to 2000 for most
capillary tubes. Flow behaviour will be the same in
different tubes with different liquids where the Reynolds
Numbers are the same.
THE KINETIC ENERGY CORRECTION
Viscometers for which condition (2) page (io )
is fulfilled are characterised by very long efflux times
and usually inconveniently small capillary bores. Long
efflux times (in some of Poiseuille*s work one run lasted
several hours) are tedious and small bores inevitably
result in difficulties due to dust particles lodging in i
the capillary and altering the characteristics of the
viscometer. With most capillary viscometers, therefore,
account must be taken of the work done in accelerating
the liquid from rest, i.e. imparting kinetic energy.
Hagenbach (i860) was the first worker to attempt to
O e nf. imake this correction. By 1891, Hagenbach Wilberforce
27 28Couette , and Finkener , had determined a theoretical
calculation for the kinetic energy correction.
With reference to fig. (2.1) the volume of
liquid passing through the thin cylinder dr* in one second
is given by:
V = 2TCr dr v (2.l6)
“ lA - I
and it has been shown that this, integrated over the whole ^
section of the capillary is the volume entering or leaving 
the tube in one second. The kinetic energy of this volume 
of liquid is;
U = ip(2TCrv dr) v^ (2.17)
or U = Tip v^r dr (2.18)
where p is the density of the liquid.
From equation (2.10)
V = ^  (af - r^) (2.19)
substituting for v in (2.18), the kinetic energy given to |
the liquid in time t is,
U = Ttpt (a^r - 3a^r^ + 3a^r^ - r?)dr (2.20)
Integrating between limits r = 0 to r = a gives
« = ( A  t (2.21)
Now from Poiseuille’s equation (2.13) the total efflux
volume in t seconds is given by 
Û TCPa^* t
^  “ 8 IT) (2.22)
V (2.23)
P 2V
41T) TC a^t (2.24)
and
( « t]) = ^3g12 ^3 (2.25)
Therefore the energy dissipated is given by equating (2.21) 
and (2 .25).
U = ^  2 4~2 (2.26)TC a t
15 **
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The pressure differential A  P between the A and B planes 
fig. (2.1) is used up doing various forms of work. If P 
is the pressure required to overcome the forces due to the
viscosity then (A P - P) is the pressure dissipated in
imparting kinetic energy to the fluid. The work done in
imparting kinetic energy is then (A P - P)V and as shown
above
p(A P - P )v 
(A P - P) Py2 K  a
(2.27)
(2.28)
This is a small correction which has to be deducted from 
the observed pressure^ difference in order to yield the 
pressure used in overcoming the viscosity forces.i.e. 
pressure used to overcome viscous iresîstance
Pv s= ’ -- 4 4 -TC a
Substitution in (2.23) gives 
T)
(2.29)
4TCa^t81V
TXPa^t81V _ 8m; t
(2 .30);
(2.31)
However the actual kinetic energy correction found 
experimentally was
U = K..P.. 4 »  (2.32)
TCPa'^t BiP VU 81V “ 81TX t (2.33)
where m is a constant, called the Hagenbach coefficient,
which depends on the viscometer characteristics. Various
values of m have been deduced theoretically ranging from
0.5 (Reynolds)^^ to 1.12 (Boussinesq)^^, Experimental
All
16 I
I
values of m determined, range from 0 to 1.55 with values |
around 1.12 the most prevalent. 1
COUETTE CORRECTION
In addition to the work done in overcoming the i
;iviscous resistance in the capillary itself, a small amount v?
of energy is expended in overcoming the viscous forces
between the converging and diverging streamlines at the 
entrance and exit of the capillary respectively. The 
correction for this effect takes the form of a hypothetical 
increase X  to the length of the capillary; equation (2,33) |
then becomes
■n = ^ ( h X ) V  - irfi+X )K t (2.34)
The value of X cannot be deduced theoretically but must 
be found by experiment and is usually of the order of a 
few diameters.
For viscosity measurements in kinematic 
instruments the pressure term P is replaced by the hydro- |
static pressure head hgp to give
Ti ■
where h is the mean height of the liquid column and g is 
the acceleration due to gravity.
2.5 VISCOMETER DESIGN
For many of the original kinematic viscometers,
which were basically glass U-tubes, difficulties arose in I
the determination of the exact mean hydrostatic pressure |
head (h^gp). As flow progresses, the pressure changes '
continuously due to the drop in the height in the other "4
I :— — — i à — — g,Mi iiii"-' I   :- - - - : ■ - ■ -  . " i ' . J
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column. The Ostwald viscometer, used for the determination 
of relative viscosity, simplifies matters by using a fixed 
volume of liquid (delivered by means of a pipette) so that 
the mean height of the liquid column, h^, is constant for 
each determination and can therefore be incorporated in a 
general viscometer constant.
Surface tension effects, arising from the adhesion 
of liquid to the walls of the bulbs immediately above the 
capillary and in the exit reservoir, can also alter the |
hydrostatic pressure head and give rise to uncertainties 
in measurements, particularly when the surface tensions of 
the calibration liquid and the liquid under investigation 
are very different.
30The Ubbelohde suspended level viscometer^ as 
used in this investigation, is considered to minimise these 
effects by the provision of the suspended level , at the exit 
of the capillary, fig. (2.2). This ’suspended level’ which 
is simply a bulb maintained at the same external pressure 
as that exerted on the liquid and of similar shape to the 
liquid reservoir, ensures that changes of the mean hydro­
static pressure head for the different solutions are 
determined only by the density of the solution, since the 
pressure is maintained constant. The total volume of liquid 
introduced into the viscometer does not need to be known i
accurately, since that which falls to or remains in, the 
lower reservoir does not contribute to the mean hydrostatic 
pressure head. This is of particular advantage when . 
measurements, at more than one temperature are required, since 
the actual volume under investigation is fixed by the marks 
on the upper reservoir, and expansion of the liquid in the
- 18 - 1
19 - I
viscometer need not be taken into account. Surface |
tension effects are also minimised by use of the Ubbelohde 
suspended level viscometers. At the curved surface of the 
bulb, at the exit of the capillary, a certain traction is 
developed which acts in the opposite direction 
to the surface tension of the liquid in the upper bulb of 
the viscometer.
It is essential that the viscometer be mounted f
firmly in a level position to maintain a constant hydro­
static pressure head. For a change of angle A to A + Ô A
in the vertical alignment of the capillary axis, the change 
in the liquid head is given by
1 — cos (a — 5 a ) cos A
A deviation of 0,0436 radians will therefore produce an
inaccuracy of 0,1^ in the measured viscosity, Jones and 
17Dole noted that, despite their efforts to maintain a 
rigid reproduceable mounting for their viscometer, the 
efflux time changed by approximately 0,1^ over a certain 
period of time. The cause of this was attributed to the
fact that their laboratory building was jacked up at one
end to allow repairs to be carried out on the foundations i 
Accurate temperature control is necessary for 
viscosity measurements. This is especially true for 
associated solvents which often have large temperature 
coefficients of viscosity,
2.6 APPARATUS
The viscometers used in the project were 
Ubbelohdé suspended level viscometers conforming to 
British Standard BS.IP, SL(S)71 fig, (2,2), The capillary
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sections were approximately 80 ram long and 1,0 mm in
diameter and the quantity of solution required for each
%determination was between 10 and 15 cm • The viscometers 
were equipped with ground glass sockets enabling them to 
be stoppered firmly to the air* Size 2 viscometers were 
used throughout. These had efflux times of about 250s 
for water at 25^0 and 900s for formamide at the same 
temperature•
The efflux times were measured by means of 
photocell lamp assemblies coupled to a Hewlett Packard 
auto-viscometer 5901 B in conjunction with a Hewlett 
Packard 5903 A programmer.
2.7 THE AUTO-VISCOMETER
The Hewlett Packard . auto-viscometer, model 5901 B, 
measured efflux times in glass capillary viscometers and 
provided automatic influxing in preparation for the
efflux measurement. Very accurate timing was realised, 
because the efflux time was measured with an electronic 
counter using a quartz-crystal oscillator as a time base 
reference. A neon display provided a digital readout that 
could be held for observation until released by the operator. 
Automatic influxing and timing eliminated errors between 
operators due to differences in technique and human fatigue. 
The accuracy of the timer was + 0.001s. The electronic 
counter, measured efflux times automatically, through 
the use of detectors mounted above and below the fiducial 
marks on the glass viscometer, which activated electronic 
circuits during the liquid efflux time» The time interval 
for the meniscus to travel between the two detectors was
“ 21 *’
displayed on the instrument register. The detectors also |
controlled the limits of liquid transport during influx 
and the release of the liquid for the efflux measurement.
A constant pressure pneumatic pump provided the pressure 
required to force the liquid back into the upper bulb and 
was automatically shut off by a signal from the upper 
detector when the meniscus passed on the way up. When 
the meniscus again passed this detector on the way down, 
a signal was sent to start the timer which was only stopped 
when the liquid meniscus passed the lower detector. When %
incorporated with the programmer printer a permanent record 
of the efflux time was obtained. The auto-viscometer was 
equipped with four sets of detectors and could therefore 
accommodate four viscometers.
2 .8 THE PROGRAMMER/PRINTER
The Hewlett Packard model 5903 A programmer/ 
printer was an electro-mechanical apparatus which programmed 
the output of the 5901 B auto-viscometer and provided a 
printed record of the efflux time measurements, it could 
program the operation of the auto-viscometer such that the 
measurement at any channel was repeated between 0 and 10 
times with 25 second intervals between measurements. This 
sequence could be repeated indefinitely. The printer 
recorded the efflux time for each run to 0.001 or 0,01 seconds 
as selected on the auto-viscometer along with a coded 
identification of the programmed channel and the run number
2.9 DETECTORS
Two detector systems were used in this work. The
22
Hewlett Packard detection system consisted of minature 
tungsten lamp photocell assemblies which were contained 
in water-tight blocks and firmly attached to the viscometers 
above and below the efflux volume reservoirs. The visco­
meters were placed in the thermostatted bath completely 
immersing the detectors. With the passage of time,the
detectors insulation failed causing lamp failure. This
31system has been criticised for causing heating effects 
but this has not been observed here,
^ O z ?Various workers^^* ^have used detection systems 
in which the light source and detector were remote from 
the viscometer. In the second detector system, which has 
s o m e  similarities to that of Adolph and Siedel pairs of 
1 mm glass fibre light guides (Jena Glaswerk, Schott e Gen., 
Mainz, No, LKF1.40) were attached to the viscometers above 
and below the efflux reservoirs by nylon clamps. The light 
guides were led out of the thermostatted bath and into a 
nylon block containing pairs of infrared emitters and 
detectors (Texas Instruments Ltd., TIL31 and TIL78 respectively) 
The auto-viscometer described previously was modified to make 
it compatible with this detection system. The light guide 
system has proved very sensitive and can be used to detect 
the passage of a meniscus in a capillary tube of 0,5 mm 
diameter.
2.10 THERMOSTAT BATH
This was a water filled bath supplied by Townson 
and Mercer Ltd., (model E.2?0 series 33) of approximately 
45 dm/ capacity. The temperature was controlled by means 
of a thyristor and thermistor bridge arangeraent and was
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considered to be accurate to at least + 0.01 C throughout
I
;
its temperature range of lO^C to 120^C. The water in the 
hath was circulated over a weir and around a serpentine 
cooling coil which was attached to a refrigeration unit.
Coolant was pumped through the cooling coil from the !
refrigeration unit, by means of a totally immersed electric 
pump controlled by a variac. Provision was also made to 
pass cold water, from the domestic supply, through the 
cooling coil for high temperature work. The cold water 
flow rate was controlled by a flow meter (Rotameter 1100). I
Figure (2.3) shows the flow diagram for the two cooling 
systems used. Two mercury.filled glass precision thermo­
meters were used to measure the temperature. These were 
total immersion thermometers supplied by Zeal Ltd. One 
covered the range O.O^C to 25^0 and the other from 25^C 
to 30°C with graduations every 0.05^C. Both these thermo­
meters were standardised at the ice point.
2.11 VISCOSITY MEASUREMENTS
For accurate measurements of viscosities in 
capillary viscometers there are three practical areas 
of importance;
(1) efflux time measurement* ;
(2) temperature control;
(3) efficient cleaning of the viscometer and protection 
against solid particles lodging in the capillary.
The human error in the measurement of efflux 
time with manually operated chronometers can now be eliminated 
by using electronic triggers. As early as 1933» Jones and 
Tally used photo-electric cells to measure efflux times 
automatically. One of the problems discovered was the ‘
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idifficulty in cleaning the apparatus without altering the position of the recording apparatus^and thus changing the 
viscometer characteristics. An 'important advantage of the 
detection system used in this project was that the detectors 
were firmly attached to the viscometer and were not moved s
during the cleaning operation. Spurious efflux times, 
caused by false triggering due to air. bubbles were in­
frequent and the efflux times did not vary by more than 
0.02#.
Bad triggering was usually associated with faulty 
mounting of the detector unit. The units were mounted 
firmly by their securing screws, and in the case of the 
Hewlett Packard detectors, were sealed against interference 
from air bubbles in the water bath with a silicone sealant 
(Dow Corning no. 0470-0256). A further cause of bad triggering 
was due to insufficient filling of the viscometers. If the 
quantity of fluid was too small, air bubbles were forced into 
the top reservoir of the viscometer, and the timer was 
activated prematurely.
In practise, the minor fluctuations in efflux 
time for the same solution in the same viscometer were due 
to variations in the bath temperature. In general viscosities 
were measured at only one temperature each day. The thermo­
statted bath was set to the required temperature the previous 
evening and given at least 8 hours to equilibrate. However
i
even with these precautions, it was often found necessary to 
maintain a steady temperature by careful manipulation of the 
coarse and fine adjusters on the thermostatted bath which was 
found to be sensitive to the room temperature, and opening 
and closing laboratory doors caused temperature fluctuations,
' ■' ■  ^ ■' ■' ' ■ ■ ■ ■ " XJ
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The thermometers were read with a telescope, care being 
taken to ensure that the operators* eye was in line with 
the actual reading to avoid parallax error.
The viscometers were cleaned by flushing three 
times with distilled water and then three times with 
analytical grade acetone and finally with a stream of dust 
free dry nitrogen, all of which were initially passed through 
a number 2 glass filter, to trap any solid particles. This 
procedure was followed before each viscometer was filled 
with a new solution. At intervals of about three months J
the viscometers were completely filled with concentrated 
nitric acid and left to soak for two days. They were then 
washed out and filled with distilled water and soaked for 
about a week to ensure that no traces of acid remained,
2.12 CALIBRATION OF VISCOMETERS
Capillary viscometers may be used for absolute 
or relative measurements. The absolute instruments are 
normally used only for the establishment of primary standards 
and require very accurate control of applied pressure and a 
precise knowledge of the capillary dimensions. Relative 
viscometers, as used in this project, require calibration 
with standard liquids.
The viscosity of freshly distilled water at 20^C 
has been determined by an absolute method and found to be 
1,0019 X 10“^ 3*0 X 10~7 j The rounded off value
of 1.002 X 10“ ^ J m“ ^s has been generally accepted^^ and 
is used as the primary calibration standard for relative 
viscometers.
' ,J.r..
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This primary standard has been used to determine 
the viscosity of water at all temperatures between O^C and 
lOO^C and also the viscosity of aqueous sucrose solutions 
to be used as secondary standards^^ • The viscosity of 
water, between 0°C and 20^0 has been shown to follow from 
the relationship
log T| rp
________ 1301_________________   [1-3.30233
998.333+8.1855 (T-20)+0.00585(T-20)^ (2.36)
and between 20°C and 100°C
1.3272 (20-T) -0.001053 (T-20)^
  IT-Ï 105T ---------  (2.37)
The Ubbelohde • suspended level viscometers used in this 
work were calibrated with freshly distilled water over 
the temperature range 10^C - 50^C, by measuring the efflux 
times at the chosen temperatures. Assuming that the visco­
meter characteristics do not change significantly over this 
temperature range, equation (2.35) can be written as
= A — Bp t  ^2 (2.38)
The known viscosity and density and the measured efflux 
times were substituted into equation (2.38) and a plot of 
l/t^ against *T1 / p t was constructed, fig. (2,4) From 
equation (2.38) the plot should be linear, with gradient 
-B and intercept A, Inspection of fig, (2.4) however 
indicates a slight curvature, which has also been demonstrated 
by McDowall , The most accurate calibration is obtained 
when a calibration standard of similar viscosity to the 
test solution is employed. The solvent,formamide, used 
in this work had a viscosity 3.3 x 10“^J m^^s at 25®C; 
however the viscosity of distilled water does not extend 
into this region. To obtain calibration points in the
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higher viscosity region, 20^ and 30^ aqueous sucrose solutions |
in the temperature region 15^C - 25^C were studied. When the
efflux times for these solutions were determined and the plot
of l/t^ against 1) /pt constructed, the points fell below 
the line indicated by the distilled water calibration fig
(2.3). The efflux times for the sucrose solutions were 
completely repeatable and were the same for independent 
freshly prepared solutions. No reason could be found for 
the discrepancey of the two calibration liquids. The sucrose 
points were eliminated from the calculation and the distilled 
water calibration data was extrapolated to higher viscosity 
regions.
As the function
_ , O (2.39)Tfl / pt  = A - B/t
was not linear, the mathematical function used to analyse
the calibration data was a quadratic equation of the form 
y s A+ Bx+ Cx^ (2.40)
where y =1] / p  t and x = l/t^.
The coefficients for equation (2.40) were determined by 
regression analysis and values for these coefficients are 
shown in table (2.1) for two typical viscometers.
TABLÉ 2.1
VISCOMETER 1 VISCOMETER 2
A 3.59 x10~5 3,6138 X 10*5
B -8.64 xIO"^ - 1.236 X 10*2
0 -2.35 xIO^ -65,00
Table (2.2) gives the precision with which the 
efflux times used for the calibration were measured.
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TABLE 2.2
STANDARD DEVIATION OF EFFLUX TIMES
TIME^(t)/s (t-t)2
369.42 0.0016
369.49 0.0009
369.46 0.00
369.48 0.0004
t =Z t/n 369.42 0.0016
=s 369.46s 369.49 0.0009
369.48 0,0004
369.45 0,0001
where t is the mean efflux time for n measurements. 
Therefore 0  = (t-t)^ / n-1 = 0.0008 where 0 is the
standard deviation. The values for the density and 
viscosity of distilled water required in the calibration 
are given in appendix 1 . Fig. (2.6) shows a typical 
calibration curve for an Ubbelohde Viscometer.
2.13 DENSITY MEASUREMENT
The density of the solutions was determined using 
Lipkin bicapillary pycnometers . The pycnometers were 
constructed from 1 cm^ pipettes (Pyrex 3240/20) with 
graduations every 0.01 cm and had a capacity of approx.
30 cm^ fig. (2.7) • The pycnometers were calibrated with 
freshly distilled water at 2.5^0 intervals from 15^0 to 
50^C by filling with a known weight of water and noting
I
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FIG. 2-7
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the limh reading at those temperatures* From the known 
density of water at the chosen temperatures a calibration 
graph of volume against total limb readings was constructed. 
This relationship was linear for all pycnometers used.
The data was then analysed by a least squares programme 
and the calibration constants for each pycnometer were 
computed. The left hand limb of each pycnometer was bent 
through an angle of approximately 140^ to allow self­
filling by syphoning. The limb readings were observed 
using a cathetometer. One of the calibration points near 
the top of the limb was taken as the standard point and 
the difference between the height of the solution in the 
limb, and the standard point was taken as the limb reading.
%The cathetometer permitted a reading accuracy of hh 0.002 cm 
%in 30 cm of solution. Since the weighing was more accurate 
than this, the accuracy of the density measurements was 
therefore considered to be 0.01#.
The procedure adopted for the density measurements, 
was to wash out the pycnometer three times with distilled 
water and then three times with Analar acetone. The 
pycnometer was then flushed with a stream of dust free dry 
nitrogen and weighed. Care was taken when weighing the 
pycnometers to avoid contact with the skin. The pycnometer 
was then filled with the test solution by capillary action 
and any liquid which lodged in the top of the left hand 
limb was removed and the pycnometer reweighed. It was ' 
then clamped firmly in position in the water with the limbs 
vertical so that the latter could be observed through the 
glass front of the bath. The cathetometer was then set up 
and correctly levelled. When determining the density at
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different temperatures, in all cases, the level of the 
meniscus was found to be steady after five minutes 
equilibration.
2.14 PREPARATION OF SOLVENT 
FORMAMIDE
Formamide is a particularly difficult solvent
to work with. It is thermally unstable, photosensitive
and hygroscopic.
The most common method used for the purification
of formamide is fractional crystallisation . Thia method however
is very wasteful and inconvenient for the preparation of
large quantities.
The major impurities in commercial formamide
are water and dissolved ions. A purification method
41proposed by Notley and Spiro involving the use of ion 
exchange resins and molecular sieves yields formamide with 
the lowest recorded specific conductance (2 x 10"^S ra""^ ).
This method of purification proved impractical for viscosity 
studies since formamide prepared in this manner yielded 
spurious efflux times. These were considered to be due 
to dust particles, from the molecular sieves, lodging in 
the viscometer capillaries despite filtration of the solvent.
The method adopted for the purification of 
formamide was repeated fractional distillation of the 
solvent under reduced pressures The still used, was 
equipped with ground glass joints throughout (it was 
necessary to lubricate these joints with formamide to 
ensure a good vacuum) and had a vertical fractionating 
column, 0.025 m broad and packed with glass helices (
PenSke rings) to a height of 0.5 m, A pressure of
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— 2less than 100 N m was obtained using a rotary oil pump
and a liquid nitrogen trap. The solvent formamide (re- |
agent grade Hopkin and Williams) was neutralised, if
necessary, by the addition of dilute aqueous sodium
hydroxide solution to a bromothymol blue end point. The s
neutral liquid was heated to 65^0 ~ 75^C under reduced
pressure, the ammonia and water pumped off, and the
formamide again neutralised. This procedure was repeated |
until the liquid remained neutral when distillation began.
The solvent was then distilled repeatedly at pressures of
—2less than 100 N m . Only the middle fraction of the
solvent distilling between 65^C and 70^0 was collected.
This procedure yielded formamide with a water content
420.025^ as determined by Karl Fischer titration, and 
specific conductance 2.50 x 10“^S m“ ^.
Due to the difficulty of keeping formamide in 
a high state of purity, the material was used as soon as 
possible after purification. When formamide was not used 
within seven days of preparation, it was redistilled before %
use. Formamide and all formamide solutions were stored 
in a cold room in the dark in ground glass stoppered flasks 
and sealed to the atmosphere with a paraffin film,
2.15 METHANOL
Solvent grade methanol was dried by the method 
of Lund and BJerrum using a Grignard type reaction^^.
20 g of magnesium turnings 0.1 g iodine and 50 cm^ methanol 
were allowed to react in a dry flask. When the reaction 
subsided, 1 dm of methanol was added, and the solution |
refluxed for two hours. The anhydrous methanol was then
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distilled at atmospheric pressure, using a similar still 
to that described above, into a dry flask protected from 
atmospheric moisture. Methanol prepared in this manner 
was found to have a water content 6f 0.02^ as determined 
by Karl Fischer titration.
2.16 ETHANOL
Solvent grade ethanol was distilled with 5^
k kbenzene to remove water present • The benzene-ethanol 
solution formed a ternary azeotrope of benzene-ethanol- 
water, which distilled oyer at 64.5^0. A fractionating 
column similar to that used for formamide was employed 
to redistill the dry ethanol. The middle fraction 
distilling _ at 78^0 was collected. The sample prepared 
thus, had a water content of 0.015^.
2,17 PR0PAN-1-0L AND BUTAN-1-0L
Reagent grade samples (Fisons Ltd.) were twice 
fractionally distilled through a 1 metre column packed 
with glass helices according to the method of Mathews and 
McKetta . The distillations were carried out at reduced 
pressure and gave final products with a boiling range of 
less than 0.02^C.
All the alcohols were stored in ground glass 
stoppered flasks sealed with a paraffin film.
2,18 PREPARATION OF SALTS 
LITHIUM BROMIDE
Due to the possibilities of forming some extremely 
stable hydrates (e,g, LiBr 2HgO) the reagent grade lithium
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1bromide was recrystallised three times from absolute alcohol, %
The white crystals were dried in a vacuum oven at 135^C 
—2and 100 N m for seven days before use,
'?
2.19 POTASSIUM CHLORIDE
Analar grade potassium chloride was used without I
Ifurther purification after drying at 120°C for three days. :i
2,20 RUBIDIUM IODIDE
Reagent grade rubidium iodide was dried at 120^0 
for twenty four hours and stored in vacuum over P^O^.
2.21 CAESIUM SALTS
Caesium chloride, caesium bromide and caesium 
iodide were each recrystallised twice from freshly distilled 
water. The salts were then dried at 140°C in a nitrogen 
atmosphere and stored in vacuum over P^Oy.-
2.22 THALLQUS SULPHATE
Reagent grade thallous sulphate was twice re­
crystallised from boiling freshly distilled water. The 
needle-like white crystals were then dried in vacuum over
V 5 -
2.23 THALLOUS HYDROXIDE
Solutions of thallous hydroxide were prepared 
by precipitation of barium sulphate from solutions of
thallous sulphate and carbonate free barium hydroxide at 
lOO^C, Since aqueous solutions of thallous hydroxide were 
required, no attempt was made to isolate solid thallous I
■
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■êhydroxide or its hydrate. The concentration of the stock 
solutions ( 0.3 mol dm"*^) of thallous hydroxide prepared 
in this manner were accurately * determined by potentiometric
titration with standard acid. More concentrated solutions {
'§
of thallous hydroxide were prepared, but these tended to 
produce yellow insoluble crystals of thallous hydroxide 
monohydrate TIOH. H^O. Other concentrations of thallous 
hydroxide solutions were prepared by dilution of the 
stock solutions by weight.
2.24 THALLOUS NITRATE
.■s'
Thallous nitrate was prepared by precipitation 
frofn thallous hydroxide solution with concentrated nitric 
acid. The white thallous nitrate crystals were washed 
with small volumes of ice-cold distilled water and dried 
in vacuum over PgO^.
2.25 TETRABÜTYLAMMONIUM IODIDE & ' TETRAPENTYLAMMONIUM IODIDE 
Both salts were used as received without furthèr 
purification or drying. Attempts at drying in vacuum, or 
over dessicants produced a brown discolouration on the 
surface of the materials. The salts showed the same dis- S
colouration when they were dried at 120^0 in an oven at 
atmospheric pressure. Test samples when left exposed to 
the laboratory atmosphere remained white for a much longer 
time than the treated samples. No reference could be found 
in the literature to explain these effects, A possible 
reason for the discolouration was considered to be some 
photochemical reaction on the surface of the salts, with 
this reaction inhibited by atmospheric moisture.
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Microanalysis of the salts as received showed them to he 
extremely pure and dry. The salts were therefore used 
without further treatment.
CHAPTER THREE
:tli
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VISCOSITY OF ELECTROLYTE SOLUTIONS
3.1 INTRODUCTION 46In 1847; Poiseuille showed that some salts 
increased the viscosity of water, whereas others decreased 
it, A r r h e n i u s m a d e  some viscosity measurements on 
solutions and found that the change in viscosity caused 
by addition of a salt was roughly proportional to the 
concentrations at low molarities, but increased more 
rapidly than the concentrations at moderate molarities.
He proposed the relationship
CLl) .
where ^  the relative viscosity of the solution equal
to the viscosity of the solution divided by the viscosity 
of the solvent, c is the concentration of the solution i
and A is a constant for any given salt and temperature, %
48At the beginning of this century, Gruneisen 
measured the viscosities of electrolyte solutions down 
to a very low concentration and found that, in dilute 
solutions the viscosities were not linear with concentrations 
but showed a characteristic curvature. This curvature 
was always negative i.e. the viscosity increased irrespective 
of whether of not at higher concentrations, the salt
increased or decreased the relative viscosities.
49In 1906, Einstein deduced theoretically that, if 
the solute could be regarded as being composed of spherical 
incompressible uncharged particles, which were large in 
coijiparison to the solvent molecules, the relative viscosity 
of the solution would be given by
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where ip is the total volume of the solute particles per 
unit volume of the solution. This equation implied a 
linear relationship between viscosity and concentration
= 1 + 2,5^ (3.2) S
3.2 JONES - POLE EQUATION
17In 1929, Jones and Dole measured the viscosities
of dilute barium chloride solutions with great precision.
By plotting against c they showed that the Gruneisen
effect was magnified at concentrations of 0,005 mol dmT^,
It was then evident that although the principle effect of
dissolved salts on viscosity or fluidity was proportional
to the concentration, there was some other effect which
was of relatively greater importance in dilute solutions,
which was responsible for the curvature found at lower
concentrations. At about the same time, the interionic
attraction theory of Debye and Hiickel was a focus of
theoretical interest,  ^ This theory showed that the effect
of the interionic forces in opposing the motion of ions
in an electric field was proportional to the square root #?
of the concentrations in very dilute solutions, Jones and 
Dole therefore, without attempting a rigorous justification 
postulated equation ( 3.3) to explain their results
= 1 + AC* * Bo (3.3)
Where ië the relative fluidity equal to c is the
molar concentration of the solution, A is a constant which 
is negative for all electrolytes but zero for non-electrolytes 
and B is a constant which could either be positive or negative 
depending on the salt used.
*
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34Jones and Tally later pointed out that for salts that
diminish the viscosity of water a more suitable equation 
was
Tj _ 1 + Ac^ Be (3.4)
where is the relative viscosity of the solution, A has 
the same meaning as in equation (3,3) with reversed sign 
and B is identical in value within experimental error to 
B in equation (3.3), but also with reversed sign. Equation
(3.3) and (3.4) are substantially equivalent for dilute 
solutions. This can be seen by taking the reciprocal of 
both sides of equation (3.3) and considering the magnitude 
of the terms:
= 1/(1 + A C^+ Be) (3.5)R
Also a = (3.6)
1 - A c ^ -  Be
(1 + A c + Bc)(l - A c  -Be) (3.7)
1 - A c'/^  - Be_______
1 - A^c - 2ABc^/^ - B^c^ (3.8)
1For LiBr in formamide at 25 C A = O.OO68 dm// mol  ^ by
3 — 1calculation and B = 0.436 dm mol" by experiment (see
chapter IV). Calculation of the terms in equation (3.3) 
assuming a maximum concentration of 0.1 mol dm~^ gives
1 -  A^c -  -  2A B c^ /^  -  B^c^
= 1 - 4.6 X 10"G - 1.87 X 10"4 - 1.9 X 10"^
0.9979
The denominator is 0.2# too small. However the B value 
is not generally measured to better than 1# therefore the 
equivalence of the parameters in (3.3) and (3.4) is within 
experimental error up to this concentration.
- 44
3.3 THE A PARAMETER IN THE JONES - DOLE EQUATION
The experimentally determined Ac'^  term in the 
Jones - Dole equation which becomes predominant at low 
concentrations is consistent with that calculated on the 
basis of the Debye - îîuckel theory. On the basis of this 
theory, the simultaneous effects of the electrostatic 
attraction and repulsion and thermal motion is to surround 
each ion by an excess of ions of opposite charge, fig (3,1-.)
The ionic atmosphere surrounding each ion and 
having an opposite charge;from that under consideration, 
is on a statistical average spherically symmetrical. The 
resultant force acting on the ion in the middle of the 
ionic atmosphere is therefore zero. When a linear velocity 
gradient is imposed on such a solution, as in a  capillary 
viscosity measurement, these ionic atmospheres will be 
distorted from their symmetrical distribution by the 
associated shearing forces. Interionic attraction and 
thermal movements will tend to restore the equilibrium 
distribution and since there is a finite time of relaxation 
for this process, an fellipsoid’al distribution results and 
persists, fig. ( 3.1b)
(a) (b)
FIG. 3 1
i
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This restoring force will act agaiinst the flow and therefore 
increase the viscosity. The A- coefficient is thus taken as 
a measure of the ion-ion interactions in solution. On the 
basis of the Debye - Hiickel theory, Falkenhagen and Vernon 
have shown that the A- coefficient can be calculated from 
the expression
50
1‘461 (m i )'h. K
(3.9)3
And K Z, +Z, 
Z.2,
'A? 2
where  ^ and are the limiting ionic equivalent conductances
2 — 1of the cation and anion respectively in S m mol , an’d Sg 
are the valence of the ions , V.j is the number of types 
of ions formed from a molecule/^Q is the viscosity of the 
solvent in J m"^s, e is the absolute permittivity of the
solvent in F m""^  and T is the absolute temperature. For
51binary electrolytes equation (3.9) reduce* . to
A = 0-ÏS33 'fr" V X . + 1 . X 10~
JfZ
(3.10)
A- coefficients calculated by these equations show excellent 
agreement with experimental values for both aqueous and non-
aqueous solution. Theoretically only positive A values are52meaningful. Kaminsky has verified experimentally that the 
temperature coefficient of A, 9A/9T > positive and most 
A values determined experimentally are positive in agreement
with theory. Attempts to extend the range of this derivation
5 3including ion size parameters e.g. Pitts^^ have not
significantly improved agreement with experiment. Davies and
54Malpass however, have argued that the limiting Falkenhagen-
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%- Vernon expression incorrectly describes the ion-ion 
interactions at higher concentrations and have empirically 
extended this equation. They have used
(■’l/'Vl) - F (I) = Bo (3.11)
where F (l) is a function of the ionic strength taken #
as 1® / (1 + 1®) - 0,21 and is the theoretically
calculated value of the Falkenhagen coefficient restated 
in terms of ionic strength. The result of this modified 
Jones - Dole equation is to make B~ coefficient values 
more positive although the effect is rather small for 1 : 1 
electrolytes. In common with most other workers it was 
decided in this project, to retain the simple Ac^ term and 
accept that the resulting B- coefficients contain a small 
contribution due to the ion-ion effects which are linear 
functions of concentration.
3.4 THE JONES - DOLE B- COEFFICIENT
Above a concentration of about 0.002 mol dm"^
ithe Ac® term is swamped by the concentration of the Be terra. 
The Jones - Dole B- coefficient may be either positive or 
negative. A positive B value indicates that the salt present 
in the solution increases the viscosity of the pure solvent, 
while a negative B value shows that the salt decreases the 
viscosity of the solvent. Negative B- coefficients are 
normally confined to highly associated solvents such as 
water and glycerol. The B- coefficient is therefore related 
to the structural disturbance of the solvent due to the 
presence of the ion. The generally accepted viewpoint is 
that the B- coefficient is a measure of the ion-solvent 
interactions. It is related to the size of the solvated
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ion, the amount of long range orientation of solvent 
molecules caused by the electric field of the ion and the 
structural decomposition of the solvent arising from peculiar 
centrosymmetric solvent molecular orientations in the ionic 
co-spheres.
55Gurney used the term"ionic co-spheres" to refer 
to the region of solvent immediately surrounding the ion 
and somewhat modified by the presence of the ion. Each 
ion is encompassed in its own co-sphere and the remainder 
of the solvent between the ions is unaffected by the ions.
He considered that the B- coefficients represent the 
contributions of the ionic co-spheres to the viscosity, 
and that in dilute solutions the contributions from the 
positive and negative ions would be independent and therefore 
additive. This was shown from the fact that the differences 
in B values of cations with a common anion, or anions with a 
common cation were constant. With suitable assumptions B 
ion values have been determined (Chapter IV) and most 
correlations with other solution properties are made in
terms of ionic B- coefficients,
52Kaminsky has correlated the effect of ions on 
solvent structures with the temperature coefficent of B 
i.e. 9B/0T* He has suggested that an ion with a negative 
9B/QTis a structure maker, and an ion with a positive9B/0T 
is a structure breaker. Structure-makers are viewed as 
ions which strengthen or enhance the structure of the 
solvent by their presence thus increasing the viscosity, 
while structure-breakers are viewed as ions which loosen 
the structure of their co-sphere and therefore lower the 
viscosity. A linear relationship between ionic B- coefficients I
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and the partial molar entropy of the ions has been
demonstrated by Gurney. He also showed the striking
resemblance between the temperature coefficient of mobility 
18(Cq s ) against equivalent ionic conductances
18*^^ 3and Cq against ionic B- coefficients. Podolsky using
a lattice model, has shoim that the B- coefficient of an
ion is proportional to the perturbation of the activation
energy accompanying transformation of a lattice particle
from a solvent molecule to an ion. Further, differences
in ionic mobility may be shown as exponential functions of
this same perturbation i.e. the theory predicts that the
logarithm of the ionic mobility will be a linear function
of ionic B“ coeffient^
As yet no general theory has been developed for
the B- coeffficient but important qualitative explanations
have been advanced in terms of ion-solvent interactions.
3.5 EXTENDED JONES - DOLE EQUATION56In 1933 it was reported that for, aqueous solutions 
of KBr and KCl having concentrations above O . W  0.2 mol dm 
experimental results indicated the need for the addition of 
a further term, proportional to the square of the concentration,
to the Jones - Dole equation. On examining a number of salts
57in methanolic solution, Jones and Pornwalt found that while 
equation (3*4 ) adequately described experimental data up to 
a concentration of 0.01 mol dmT^ , it failed badly above this 
value. They therefore used only the results below this
concentration in the evaluation of the B~ parameter. In
581957 Kaminsky used an extended equation
/.C!
^ 3 ^  ^ 'i' A -v- Bc + Do^ (3.12)
la order to fit the results of very precise measurements
in aqueous systems at high concentrations. The fitted D- 
parameter was a small number compared with the corresponding 
value of B, and the latter was not greatly affected by the
introduction of the extra term. However in a study of
electrolyte solutions in N- methylformamide, Peaklns and 
Lawrence reported that the use of the extended equation 
(3 .12) altered the derived B-» values by some 0*015 or 3# 
from the values derived using equation (3.A ), Up to 0.1 
raol dm™ the Dc term contributed less than 3# to (*^ /T]q -I), 
but this increased to around 10# for a system studied with 
concentrations up to 0.4 mol dm™^« Sodium iodide solutions
in dimethyl sulphoxide have been studied by two groups of
33workers. Adolph and Siedel using a maximum concentration
of approximately 0.08 mol dmT^ fitted equation (3.12 ) to 
their data which at 25^ C gave
("H/TIq-I) = 0.0145c® * 0.734c + 0.6850% (3.!3)
— 3 Qfor c = 0.1 mol dm , the Dc term contributed some 8# to 
( ) « Recently Peakins et al. have re-examined
this system, and, finding no significant deviations from 
equation (3.4) over the range 0 - 0.08 mol dmT^, evaluated 
their B- coefficients using the simpler equation over this 
restricted concentration range. They reported the viscosity 
concentration function at 2 5 ^ C as
( T) / l \ ^ -1) = O.OOgc^ 4. 0.802 c° (3,14)
It is likely that B and D parameters will be highly 
interdependent and therefore that B- parameters determined
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using equation (3.6) will not be directly comparable with 
those derived using equation ( Further, the physical
significance of the D- parameter is not obvious and the 
question arises as to its usefulness in the interpretation 
of solution properties. Desnoyers and Perron ' suggested 
that it is a more complex parameter than the B- coefficient 
namely a function of the sise of the ions, of structural 
solute-solute interactions and of higher terms of the long- 
range Debye -Hückel type of forces. They concluded that 
the D- parameter could not be used unambiguously to obtain 
information on ion-ion or ion-solvent interactions, A series 
of experimental measurements were therefore examined ' 
statistically for both aqueous and non-aqueous systems with 
a view to determining the best way of evaluating the B- 
parameter. In all cases a theoretically established value 
for the A- coefficient was used. This procedure has been 
shown to be the best method of fitting results to the Jones - 
Dole or extended Jones - Dole equations because of the rapid 
Increase in experimental error on measuring relative viscosity 
at very low concentrations
3.6 METHOD 1
This method involved the fitting of equation (3.12) 
to the data in stages estimating the B and D coefficients 
by least squares, and then successively reducing the number 
of data points in the analysis by omitting the point which 
was currently at the highest concentration. The aim was 
to determine the stage at which equation (3.1?) provided 
an adequate description of the data. For example, the results
of applying this process to the data of Adolph and Siedel
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for sodium iodide in dimethyl sulphoxide at 25 C are shown 
in table (3.1)
TABLE 3.1
N F.STIMATE OF ESTIMATlERROR OP B
D FTANDARB Ejj/SE^ »  0 • 0 * X 10^
% D D Eq(3,4)
7 0.754 0.550 0.0042 0.059 9.26 '. 0,707 13.90
6 0.763 0.322 0.0048 0.104 3.10 0.314 1.069 ■1
5 0.775 -0.233 0.0090 0.379 -0.62 0.179 0.201
R.S S, is the residual sum of squares , is the estimate of D and SED
the estimated standard error of D.
Using as an indicator for stopping the data reduction, the
criterion that the value of D was not significantly different
from zero, involved comparing the ratio of th9 estimated
value of D to its estimated standard error with the appropriate
percentage point of the t- distribution. Using either the
10# or 5# point, the two highest concentrations were discarded
in this case, giving a point estimate of B of 0.775 with an
estimated standard error of 0.009. However the interval of
0*775 + (3.18 X 0.009) or 0.746 - 0.803 did not necessarily
provide a good 95# confidence level for B, as will be seen
later. Using an alternative criterion of stopping-viz. Tiihen
the reduction in the residual sum of squares obtained by
adding the term in D was not significant - and applying the
F-test, it was again decided to stop at the same stage of
the data reduction.
o 58Viscosity measurements on sodium sulphate at 15 C by Kaminsky 
provided a set of extremely good data, which is analysed in 
table (3.2).
TABLE 3.2
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N ®B %D SEj3 SEj3
R.S.S. X 10®
Eq.(3.12 Eq .(3(1
9 0.3609 0.0422 0.00033 0.0029 14.51 0.278 8.653
8 0.3604 0.0487 0.00052 0.0062 7.82 0.227 2.547
7 0.3613 0.0332 0.00055 0.0081 4.09 0.109 0.472
6 0.3605 0.0499 0.00079 0.0146 3.42 0.075 0.295
5 0.3607 0.0445 0.00103 0.0224 1 .99 0.072 0.167
4 0.3573 0.2480 0.00160 0.0890 2.79 0.019 0.095
1
■I:
I
¥
Both stopping criteria discussed above indicated a reduction 
to six points, which led to an estimated B- value of 0,3607 
+ (2.78 X 0.00103) i.e. 0.357 - 0.364 for a 95# confidence 
level.
3.7 METHOD 2
This approach was a modification of Method 1 in 
which the coefficients B and D were highly correlated. The
correlation in the three fits for the data of Adolph and
33Siedel shown in table (3.1) were -0.959» -0.955 and -0 .966,
2which reflected the similarity of the behaviour of c and c 
over the range of concentration . studied. It was therefore 
considered more informative to construct a two - dimensional 
confidence region for the B and D parameters jointly.
Making the usual assumptions about the error term, a 95# 
confidence ellipse for the values of B and D is given by
( (B-B) /Sb )^ - 2R(B-B) (Dr-D)/(SB.SD) + i (D-0)/Sd |^ ^ 2(l-R)\
 ^  ^ / (3.15)
- 5:
where B and D are the estimated values of B and D respectively 
SB eind SD are their estimated standard errors, R is the 
coefficient of correlation . between B and D, and F is the 
appropriate percentage point of the F distribution with 2 
and (&-2 ) degrees of freedom, where ]p is the number of data
points in the fit. For example, in the case quoted above
at the five lowest concentration points, the 95# confidence
is the interior of the ellipse
12573(B-B)% + 567 (B-B) (D-D) + 6.962 (D-»)% = 1.277 (3.It)
The portion of the line D = 0 which lies inside this region 
is that between the roots of the quadratic equation in B
12373(B - 0.775)^ + 132.1 (B- 0.575) - 0.277 = 0 (3.17)
i.e. B a 0.760 to B = 0.780
Figure (3.2 ) shows the elliptical confidence 
regions obtained in this way based on 7, 6 and 5 data points. 
Note that when the parameters were estimated using all 
seven data points the ellipse did not intersect the B-axis, 
confirming that the term in D was required for a satisfactory 
fit of the data. As the number of points was reduced the 
ellipse became larger and its centre moved. In practise 
however the segment of the B- axis cut off by the ellipse 
was moderately stable while there was still a reasonable 
number of points in the fit. A practical lower limit for 
the number of observations is seven - five more than the 
number of parameters to be estimated. Prom figure (3.2) 
it is seen that the interval 0.760 to 0.780 is likely to 
contain the true value of B.
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Applying this method to the sodium sulphate data of Kaminsky 
led to the confidence regions shown in figure (3«3)« The 
very large negative correlation coefficients (-0*956 - 
-0*977) produced long thin ellipses sloping from left to 
right* The portion of the B- axis cut off by the five 
observation ellipse was O .3616 to 0*3638 providing a point 
estimate for B of 0*363* Application of method 2 to the
5Qresults of measurements of sodium bromide in N-methylformamide 
at 35^c is illustrated in figure (3*4)
3.8 METHOD 3
In this method a different approach was used.
In order to avoid the problem of correlation between the 
estimates for B and D, equation (3*12) was reformulated as
(ÎI/IIq -I) = Ac& + Bc + P Q  (c) (3.18)iwhere Q (c) was a second degree polynomial in c^ and whose 
coefficients p  andy were chosen so as to make Q(c) orthogonal
ito and c over the range of concentration values, c-,
involved in the fit:-
X  oQ (c) = pc® + y c  + c (3.19)
Now 1 Q (c^) = 0, and Q (c^) =0
And Thus
1
(3,21)
(3.22)
where the summation is over these values of i which correspond 
to the observations being used in the fit at any stage*
0.356
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For example, Table (3-3) shows the values of Q (c)59for the data of Feakins and Lawrence discussed above,
first for all eleven observations and then for the data
reduced by the highest and by the two highest concentrations.
When the coefficients B and P were fitted their estimated
values were uncorrelated because the variance matrix of
the estimated values was 0" ^ and it had been
Tensured that X X had zero entries at all points of the 
diagonal and consequently so did (X^X)~^
X is the matrix
I C i Q ( c O  I Q (Pi)
I 0(0 (Ci)
X
Since the coefficients J3 andy  changed from stage to stage 
of the data reduction, the coefficient P was estimating 
a different quantity each time and was of little interest.
TABLE 3.3
i Ci Q1I (Ci) Q'îo(^i) QoCCi)
1 0.000622 0.002916 0,001903 ' 0.001015
2 0.002471 0.005116 0.003257 0.001662
3 0.004759 0.006358 0.003951 0.001925
4 0.008303 0.007289 0.004371 0.001983
5 0.01183 0.007667 0.004433 0.001855
6 0.02366 0.007262 0.003587 0.000927
7 0.050T3 0.003344 0.000029 -0.001612
8 0.09652 -0.004868 -0.005973 -0.004414
9 0.2004 -0.015160 -0.008803 0.002159
10 0.3041 -0.008225 0.007028 -
11 0.3954 0.013840 — —
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Table (3.4) shows the estimates of B together with their 
standard errors and 95^ confidence intervals. It is seen 
that the latter are ambiguous in their description of B 
since the fit was at first very poor but became reasonable 
when the number of observations was reduced to eight. 
Moreover the point estimate of B at first moved rapidly 
and systematically with the reduction in observations.
The width of the confidence interval is a function both 
of the number of points and the standard error of the 
estimated values of B.
TABLE 3.4
I
No. of points Estimate of B
Estimated standard error of B
95^ confidence interval for B
R.S3. % 10^  
Eq,(3.18)
11 0.614 0.0051 0 .602-0.625 69&92
10 0.596 0.0041 0 .586-0.605 19.20
9 0.578 0.0029 0 .562-0.593 3.051
8 0.562 0.0018 0 .558-0.566 0.258
7 0.561 0.0034 0.552-0.570 0.192
6 0.547 0.0015 0 .543-0.551 0.074
5 0.556 0.0054 0 .539-0.573 0.021
4 0.552 0.0092 0.512-0.591 • 0.017
Figure 3*5 shows how it decreased as the point estimate 
settled down and then increased again. The interval 
corresponding to fitting the eight lowest concentrations is 
in the narrow range 0.558-0.566. However a more reliable 
interval contains these values which are common to the 
6, 7 and 8 point intervals, viz. 0.543 - 0 .570.
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3.9 COMPARISON OF METHODS 1,2 and 3
A comparison of the results obtained using 
Methods 1,2 and 3 o i data analysis on the three sets of 
experimental observations above is given in Table (3*5)» 
TABLE 3.5
j
Data source Method 1
jPoint Interval
Adolph and Siedel (ref.33 )
Kaminsky(ref.58 )
Feakins and Lawrence (ref.59 )
0 .7 7 5
0 .3 6 1
0 .5 5 7
0.746 - O . 8 O 3  
0 . 3 5 7  “  0 . 3 6 4
0 .5 4 1  - 0 . 5 7 2
Data Source Method 2
Point Interval
Adolph and Siedel (ref. 33 )
Kaminsky(ref. 58 )
Feakins and Lawrence
(ref . 59 )
0 . 7 7 0
0 .3 6 3
0 . 5 6 3
0 . 7 6 0  - 0 . 7 8 0  
0 . 3 6 2  - 0 . 3 6 4  
0 . 5 5 8  - 0.568
Data Source Method 3
Point Interval
Adolph and Siedel (ref. 33 )
Kaminsky(ref. 58 )
Feakins and Lawrence(ref. 59 )
0 . 7 7 0
0 . 3 6 3 ( 5
0 . 5 6 2
0 . 7 6 5  - 0 . 7 7 5
) 0 . 3 6 3  -  0 .3 6 4  
0 . 5 5 8  -  0 . 5 6 6
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Method 1 while simplest both in concept and in calculation, %
is unlikely to provide good values for B since it does not 
allow for the correlation between estimated values of B and 
D. Method 2, takes account of this correlation and produces 
a narrower range of B values. While it is not necessary 
to draw the ellipses in order to find where they cut the |
B~ axis, the confidence region diagram is useful for inspecting
the consistency of the reduced sets of data in estimating B.
Method 3, gives apparently more precise estimates at certain 
stages of data reduction, however a more conservative estimate 
is made by choosing values of B common to several confidence 
intervals. From table (3»5) it may be noted that the results 
obtained by methods 2 and 3 are comparable both for point and 
interval estimates whether the observations exhibit a greater 
degree of accuracy (as in the aqueous data studied) or a 
lesser degree (as in the non-aqueous systems).
3.10 INCOMPLETELY DISSOCIATED ELECTROLYTES
54Davies and Malpass have reported the effect of 
ion association on the viscosity of dilute electrolyte 
solutions. However, the salts studied had very low stability 
constants and it was therefore decided to investigate salts 
with a sufficient proportion of associated species to make 
possible the interpretation of viscosity changes due to ^
their presence. As the thallous ion in aqueous solution is 
known to associate to a considerable extent with a number of 
anions in the concentration range suitable for viscosity 4
studies, a number of thallous solutions were investigated. a
I
I
1
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3.11 EXPERIMENTAL RESULTS
Relative viscosities of thallous nitrate, sulphate 
and hydroxide solutions were determined at 2 5 ^ c and are 
shown in table (3«6)» The experimental data for these 
systems are compiled in Appendix II. The range of 
concentrations which could be studied was restricted by 
solubility limitations to approximately 0.1 mol dm™^ for 
the first two salts and 0.3 mol dm"^ for TIOB. A 0*5 mol dm"^ 
solution of this last compound was also studied by carrying ' 
out the measurements immediately after the solution had 
been prepared. The mean standard error of the relative 
viscosities was 3.0 x 10"^.
TABLE 3.6
1
i
I
c/mol dm“^ a (V-nJwc.
t h a :jLOUS NITRATE
0.02011 0.9645 0.99945 0.99949
0.03381 0.9435 0.00880 0.99887
0.04037 0.9341 0.99866 0.99856
0.06364 0.9038 0.99721 0.99745
0.07895 0.8860 0.99705 0.99671
0.10121 0.8623 0.99550 0.99562
TEA]uLOUS SULPHATE
0.02038 0.6116 1.00595 1.00566
0.02984 0.5377 1.00821 1.00775
0.04002 0.4807 1.00987 1.00992
0.04914 0.4415 1.01133 1 .01182
0.05975 0.4053 1.01343 1.01400
0.06649 0.3860 1.01524 1.01538
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THALLOUS SULPHATE (C on t‘d]
c/mol dra”^ a
0,07702 0.3602 1.01822 1.01751
0.08581 0.3419 1.01922 1.01927
THALLOUS HYDROXIDE
0.02129 0.9457 1.00293 1.00289
0.03385 0.9193 1.00453 1.00445
0.03926 0,9088. 1.00528 1.00513
0.05466 0.8815 1.00695 1.00702
0.06816 0.8600 1.00851 1.00867
0.13528 0.7769 1.01688 1.01683
0.19409 0.7240 1.02255 —
0*25998 0.6778 1.02938 —
0.52059 0.5614 1.05467 -
3\12 THALLOUS NITRATE
In the first interpretation, the salt was 
considered to be completely dissociated and the simple 
Jones - Dole equation was applied. The A- parameter of 
TlNOg was calculated to be 0.0052 dm^^^mol""^. Fitting 
the experimental data gave a B- coefficient of -O.O6O 
dm-^  mol and a standard deviation between experimental 
and calculated relative viscosities of 2.3 x 10“^.
While this salt was the most dissociated of the materials 
investigated it was only 86^ dissociated at the highest 
concentration used.
Allowance was therefore made for ion pairing by using the
equation
Cn/Tio - 1) = A(a c)* + B,a c + Bg (i-a)c 0 .23)
'':r
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where the degree of dissociation is given by
a = -K + (K^ + 4icy^ , c)“ / (2 c) (3.24) ’
K is the dissociation constant of the ion pair,Y  + is the 
mean ionic activity coefficient given by the Davies
equation
- log^ (jY± = 0.509 [iV (1 + I^) - 0.35 (3.25) i
and I is the ionic strength of the solution expressed in 
mol dm“^, equal in this instance to CL c. The degree of 
dissociation was found by successive approximations, and 
the two parameters B.j, the viscosity coefficient of the 
fully dissociated salt, and B^, the corresponding value 
for the ion pair TINO^ were then determined. Using this 
treatment the standard deviation dropped slightly compared
with that of the simpler model. Values of the dissociation62constant of TINO- range from 0.3 to 0.6. Using a value
_ 63 Tof 0 .465, B.| was found to have a value of -0.062 dm mol
while Bg was -0.034 dm^ To determine the sensitivity
of these parameters to the value of the dissociation constant,
the calculation was repeated using values ranging from
0.316 to 0 ,55* B.J did not vary from -0.062 dm^ mol”  ^ while
Bg varied from -0.039 to -O.03I dm^ mol~^.
3.13 THALLOUS SULPHATE
The experimental results were treated in a similar
way to those of TINO^. The additional complication of the
charge on the TISO^ ion pair was overcome by considering
the solution to be a mixture of T1*(T1S0^) and TlgSO^’".
The mixture rule was then used to determine the ion-ion
1interactions; i.e. the usual Ac^ term was replaced by 64 
A., (l-acf^+ Ag (Ot c)^
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equivalent conductance of the TISO^ ion pairs, A value
Ag was found to be 0,0132 dn?\iol~^,
For this salt,
a ^ (3.26)
where A.^  refers to T1*(T1S0~) and Ag refers to TlgSO^*". ']
Calculation of A.j required a knowledge of the ionic I
2 — 1 (^5 3kof 0 . 0 0 4 5  S m  mol was taken, giving A.^  s= O . O O 6 5  dm mol 'W
- (K +CYi) + CK + cy^f + 4 Kc%
and I =(l + 2(X)c. Thallous sulphate is considerably more 
associated than thallous nitrate. Published values of
the equilibrium constant for ion pair formation are in
11good agreement and a value of = 0.043 as determined |
by Bell and G e o r g e w a s  taken. By fitting the experimental 
data to the extended Jones-Dole equation described above 
values of B.^ and Bg of 0.173 dm^ mol~ ^ and 0.184 dm^ mol’  ^
respectively, were found.
3.14 THALLOUS HYDROXIDE
The relationship used to study the thallous 
nitrate solutions were again employed, but now over a 
larger concentration range. The ion-ion interaction term 
was calculated to be 0.0028 (ct c)^.
There is some disagreement over the degree of 
ion pairing in thallous hydroxide solutions although a 
number of the published thermodynamic constants rely on
a long extrapolation from high ionic strength?’^The most
68recent value, derived by Lindsay from conductance 
measurements, which gave a dissociation constant of 0.333 
was chosen.
•i In the first analysis of the experimental data, 
values over the whole concentration range studied (up to
0.52 mol dm~5) were fitted to equation (3.23 ) giving B.^ .
a n d , B p  values of 0.127 and O.07I dm^ mol”  ^ respectively. j
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When the concentration range was restricted to values 4
below 0.135 mol dm“*^  (i.e. comparable ' to the previous 
salts), B.J and Bg altered to 0.116 and 0.122 dm^mol*"^ 
respectively. At the same time, the standard deviation 
of the points from the calculated values tell ly over 50^ 
from that of the first analysis. As discussed above the 
simple Jones-Dole equation fails to represent adequately |
the viscosties of more concentrated solutions, and that 
an extended equation of the form of equation (3.12 ) must 
be used when considering higher concentration ranges. It 
may be concluded that some extension is required to describe 
the behaviour of TlOH solution up to 0.5 mol dm”^ and that 
by attempting to fit all the data to equation (3.23 ) an 
overemphasis is given to the ion pair/solvent interaction 
term. No attempt has been made here to introduce a third 
arbitrarily parameter, rather, the B.^ and Bg values obtained 
from the lower concentration ürange havé been used.
It should be noted that in none of the three cases did 
the introduction of the Bg term into the Jones-Dole equation 
cause a significant reduction in the variance. Justification 
for using this ion pair analysis is based on the abundant
evidence for the existence of such species in these systems
62from conductance, solubility and kinetic experiments.
3.15 B- COEFFICIENT OF THE ION PAIRS ]IBjjo" and Bg^2- values have been well established ^*t3 4 4 . T  _   ^ *as —0.046 dm mol and + 0.2085 dm mol at 25 C respectively.
Then from the TINO^ results,
®'1’1+ = - Bjjq- j
■’I
=-0.062 - (-0 .046) !
~ -0.016 dm^ mol-1
1^ - . .   :.i. ■ v. .1..'
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From the TlgSO^ results,
®T1+ =* - ®So2-)
= i (0.173 - 0.2085)
= -0.018 dm^ mol~^
T?here are less data available for 18 C:Kaminsky * calculates
a value of 0.109 dm^ mol  ^while Gurney quotes' 0.12 mol ^
at 25°C. A more recent value at the latter temperature is 0.119 dm^
mol If one takes the thallous ion to have the mean value from
3 -1the TlNOg and Tl^SO^ experiments, namely = -0.017 dm mol
one has from the TlOH analysis
Bo h ~ = - Bpi+ = 0,116 - (-0.017) = 0.133
which is in fair agreement with the above values.
The crystal radius of Tl*is 0.147nin, which is
exactly that of Rb*. However, the B- coefficient of Tl* 
-0,017 dm^mol“  ^ is much closer to that of K"*", -0.007 dm^mol**^ 
than to that of Rb*, 0.045 dm^mol ^. On the other hand
when the ionic entropy, is plotted against B for a
number of cations the Tl"*" values fall within the linear
55pattern discussed by Gurney fig. (3.6 )
B values for the ion pairs and the corresponding free ions 
are given in table (3.7). In each case the B- value of 
the ion pair is intermediate between that of the anion 
and that of the thallous ion, but dominated by that of 
the larger numerical value of the anion. Further, the 
difference in the coefficient for the ion pair and the 
free ions is of the same order as the experimental error 
in the B- values. For these compounds it may be concluded, 
perhaps surprisingly, that the formation of the ion pairs 
has little effect on the viscosity of the solution. This 
contrasts with the behaviour of the NSgSO^ and KgSO^ 
reported by Davies and Malpass where the ion pair B-
-  69 **
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coefficients were approximately 0.03 mol  ^ lower than
those of the ^ree ions, but parallels the behaviour decribedf by 
these workers for LiSO^ . For the TINO^ ion pair the B~ 
coefficient (which is the least reliable of the three 
because of the relatively lower ion association) is 
apparently more positive than that for the dissociated 
salt. CsNOg, a salt which has also an overall negative 
B- coefficient is also reported to behave in this way 
although the effect in TINO^ solution appears to be much 
larger.
TABLE 3.7 B- COEFFICIENTS FOR ION PAIRS AND FREE lOMS 
ion pairs/dm^mol"^ Free ions/dm^mol“ ^
(TINOg) 
(T1S0“ ) 
(TlOH )
-0.034 + 0.017 Tl^ + N0“ -0.062 + 0.005
+0.184 + 0.008 Tl"** + S0^*“ +0.191 + 0.008
+0.122 + 0.008 T1 + 0H~ +0.116 + 0.008
From the general similarity between B- coefficients 
of ion pairs of this type and their corresponding free ions, 
one may distinguish clearly between the effects on the 
solvent of the processes.
+ CHg (C00)^-^H00CH2 COO”
and
Tl% S0^:»T1S0-
In the former, charge is destroyed and the new species 
formed has a completely different B- coefficient compared 
with that of the free ionsj^ In the latter, an outer
- 71
complex may be formed in which the ionic charges still 
affect the surrounding solvent mofecules in much the 
same way as the free ions. Formation of an ion pair of 
this outer type has been suggested for TlOH from the 
results of a Raman spectroscopy studyj^
3.16 CONCLUSIONS
The foregoing work has shown that the viscosity 
of electrolyte solutions can be described by suitable forms 
of the Jones-Uole equation. For concentrations up to a 
maximum of 0.12 mol dra*"^ , in aqueous solution the simple 
Jones-Dole equation (3* 4 ) is more suitable and the B- 
coefficient should be determined by either methods 2 or 
3# For incompletely dissociated salts, the concentration 
terms of the Jones-Dole equation should be corrected for 
the degree of association of the ions.
CHAPTER FOUR
I -a /'i".
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4.1 INTRODUCTION
small or even negative B- coefficients, A study of the 
viscosity of electrolyte solutions in formaraide was 
therefore undertaken.
4.2 PREVIOUS VISCOSITY STUDIES OF FORMAMIDE SOLUTIONS 
Three previous studies of the viscosity of
electrolyte solutions in formamide have been reported. 
72,73Davies et al studied a large number of salts in
formamide and determined the viscosity, conductivity and
gB- coefficients have been measured in many non- 
aqueous solvents. With the exception of highly associated 
solvents such as glycerol, some dihydrie alcohols and 
sulphuric acid, they have all been shown to be positive.
In other associated solvents such as the alcohols and N- 
methylaraides where only positive B- coefficients have 
been detected this has been attributed to the linear 
nature of the association of these molecules. Negative 
B- coefficients have only been found in solvents which are 
capable of forming three dimensional aggregates by hydrogen 
bonding.
Formamide which is known to be an associated 
solvent, has the ability to form three hydrogen bonds per 
molecule. It is a good electrolytic solvent with a larger 
dielectric constant than water and is therefore an 
interesting medium for the study of electrochemical 
processes. In view of the possibility of association in 
three dimensions it seemed possible that significant
structure breaking effects might be present when salts
aare dissolved in formamide, and that these might lead to i
!
;
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density of the solutions. However only three concentrations 
were studied for each electrolyte and the viscosity of
the solvent varied between 0.003194 and 0.003388 J m  ^s,
74More recently, McDowall and Vincent have reported B~ 
coefficients for electrolytes in formamide. The present 
study is an extension of the latter work to obtain more 
Information on solute-solvent interactions in formamide.
Finally Bruno and Della M o n i c a h a v e  measured the viscosity
of a number of salts in formamide. However, in this work
—3 —3concentrations ranged from 0.4 mol dm to 6.0 mol dm
and were therefore unsuitable for determining Jones-Dole
B- coefficients. In addition to these studied mentioned,
73 76both Davies and Vincent have reported viscosities of I
electrolytes in binary liquids containing formaraide as 
one of the solvents.
4.3 EXPERIMENTAL RESULTS
The viscosities of lithium bromide, potassium 
chloride, rubidium iodide, caesium chloride, caesium 
bromide and caesium iodide in formamide have been determined. 
The viscosity of the caesium solutions were determined at 
23,33,45 and 50% . For lithium bromide solutions, 
viscosities were studied at 25,35 and 45^G while potassium 
chloride solutions were studied at 25 and 35^C. To obtain 
an ionic B- coefficient for Rb"^  at 25% , the viscosity 
of rubidium iodide was determined at that temperature.
All the electrolyte solutions were prepared from 
concentrated (approximately 0.1 mol dm”^) stock solutions.
The latter were made up by weight and other solutions were 
prepared by dilution of the stock solution. After the
1 • Li». _ Jilt'. ; V  )
arid therefore plotting ( ^ q - 1)/c“ against a stra
line should he obtained giving A as the intercept and B
::î- 74 -
density of the solutions had been determined, the 
concentrations were converted to the molar concentration 
scale using the relationship
1000 m
=    (4.1)1000 + M„ m
where c is the concentration in moles per litre, m is the 
concentration in moles per kilogram of solvent (i.e. the 
molality), is the density of the solution and is
the molecular weight of the solute.
The experimental information was analysed on the
17basis of the Jones-Dole equation
T| /f|^  = 1 + Ac® + Bo (4.2)
From the results of chapter III, a minimum of five 
concentrations were studied for each salt at each 
temperature. The concentrations studied, ranged between |
0.005 mol dm"^ and 0.12 mol dm~^. This restriction was 
necessary because at low concentrations, experimental 
errors increase rapidly with decreasing concentration and a 
theoretical A- coefficient provides a fixed origin at zero 
concentration. At concentrations higher than 0.12 mol dm” ^ 
it was found necessary to use an extended form of the i
Jones-Dole equation^^ as described earlier. As there is 
no evidence of ion association in formamide at the 
concentrations studied all the electrolytes were assumed s
to be completely dissociated. Equation (4.2.) can be re­
arranged to give
(TO/llo -1) = A + Bc^ (4.3)
■MÛ— --  --  - • '--' ' _
i.................. -75-'     '
iIas the gradient. 1i.
This is shown for caesium iodide at 25^C fig.
The data were analysed using a polynomial 
regression analysis, which permitted either the computation 
of A and B with both parameters allowed to vary, or with 
the A parameter held at the theoretical value. In general, 
the latter technique was used for reasons discussed in
chapter III. Since ionic conductance data in formamide
o 72was available at 25 C only, the theoretical value of A
could be calculated for this temperature alone. Although
9 AKaminsky has shown that ----- —  for aqueous solutions
was always positive, the experimental value of A for NaCl 
in aqueous solution between 12.5°G and 42.5^0 differed by
only 0.0013 dm ' mol  ^ and the theoretical values by 0.0006
3 /2 77 * Idm / mol"2 over the same temperature range. Thus it was ]
decided that no appreciable error would be introduced by j
assuming that 9 A/9 T = 0 for the salts studied in formamide. '^"IThe value of A calculated for 25%C was therefore used at j
all temperatures. Table (4.1) shows the experimental and 
theoretical A values for the electrolytes studied in |
formamide.
These values demonstrate that the use of the |
theoretical A- coefficient over the entire temperature |
range studied does, not impose a false origin on the system.
The error in A is taken as the mean difference between 
the calculated and theoretical A values at 25^C and is 
considered to be + 0.0032 dm^^^raol"'^.
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TABLE 4.1
Electrolyte Theoretical A value 25®C / dm3/2 mol~i
Experimental A V, 
250c 55°C
alues/dni^^^mol*”  ^
450c 500C
LiBr 0.0068 0.0020 0.0000 0.0069
KGl 0.0058 0.0106 0.0066
Rbl 0.0059 0.0073
CsCl 0.0056 0.0018 0.0029 0.0044 0.0050
CsBr 0.0056 0.0035 0.0133 0.0013 0.0034
Csl 0.0057 0.0020 0.0055 0.0051 0.0098
The B~ coefficients determined at the chosen temperatures
are shown in table (4. 
TABLE 4.2
2) :!
EXPERIMENTAL COEFFICIENTS IN FORMAMIDE /dm 
25°C 35°C 45°C 50®C
1J
LiBr 0.436 0.407 0.387 i(+0 .003) (+0.010) (+0 .005) 1
KCl 0.364 0.345 %(+0 .005) (+0 .003) ■:
Rbl 0.269(+0 .005)
1
CsCl 0.315 0.303 0.289 0.284 j(+0.004) (+0.004) (+0.008) (+0 ,006)
CsBr 0.273 0.262 ■ 0.249 0.243(+0.002) (+0 .007) (+0 .006) (+0.002)
Csl 0.243 0.228 0.228 0.223(+0.008) (+0.001) (+0 .003) (+0 .005)
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The values in brackets in table (4.2) are the calculated 
standard error of the gradients given by
«XV-9L
V
jLt'U-
where x is equal to c^, y is equal to (^ / ^  ^  ~1)/c^ and 
n is the number of observations.
Lithium bromide was also studied at 50^C, but 
the results obtained showed too large a scatter for a 
reliable B- coefficient to be determined. Detailed 
experimental data on the above electrolytes in formamide 
is given in appendix III.
4.4 ADDITIVITY OF B- ION COEFFICIENTS
If the B- coefficients of electrolytes are 
dependent on the ion-solvent interactions only, then, as 
noted earlier, they should be additive in the values for 
the ionic constituents. Table (4.3) shows the differences 
in B- coefficients for cations with a common anion and 
anions with a common cation in formamide at 25^C. The B- 
coefficients for LiCl, NaBr and KBr have been taken from
>7 _  4reference 74 and converted to units of dm mol" where 
appropriate
TABLE 4.3
B- COEFFICIENT DIFFERENCES /dm^mol"^ AT 25^C
NaCl - NaBr KCl - KBr CsCl - CsBr
0.030(+0 .006) 0.028 (+0 .006) 0.042(+0 .006)
-A.
TABLE 4.3 Contd.
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LiCl - CsCl LiBr - CsBr
0.172 0.163(+0.008) (+0.008)
It is seen that within experimental error the B ion 
values are additive.
4.5 RESOLUTION OF B- COEFFICIENTS INTO IONIC COMPONENTS 
The first attempt to resolve B- coefficients
78into ionic components was undertaken by Cox and Wolfenden 
for aqueous solutions at 18®C and 25^C. They argued, 
since Li"^  has a mobility less than 3^ larger than (lO^)", 
then on the basis of Stokes* Law and assuming the hydrated 
ions to be spherical, the volume of the hydrated Li'*’ ion
would be almost 10^ larger than the volume of the (I0_)"
49ion. Since the Einstein equation (3.2 ) is derived from 
Stokes* Law, the arguement leads directly to the prediction 
that B^^+ is approximately 10^ greater than B^^g j-. Cox3 <7and Wolfenden thus assigned the value of 0.146 dm mol 
to L1+ and 0.136 dm^ol"'' to (lO,)" LilOj value
at 18°C. They further assumed that B.^+ 18°C = EL^+ 25®C.
From the additivity principle, the B values for the other
ions followed.
A different approach to the division of B-
55coefficients was taken by Gurney. He pointed out that,
the mobility and its temperature coefficient are almost
the only quantities for which experimental values can be
obtained for anions and cations sperately. Gurney 
considered two factors in dividing B- coefficients. Firstly
80 -
the B value for KCl was very close to zero (-0.014 dra^raol“  ^) 
This suggested that either both K*^  and Cl" had large 
opposite effects on the viscosity of water, or that both 
ions had very little effect on the structure and therefore 
the viscosity of water. The secoiid factor considered was 
a plot of the temperature coefficient of mobility defined«Y| ^
as 0 2 = — :- ■■'-—  against the equivalent conductivity of1 Hx A,the ions at 18 C. fig,(4.2) This showed that K**" and 01“ 
lie very close together and therefore have a similar effect 
on the structure of water
18
anions
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1From this Gurney concluded that K' and Cl had very little 
effect on the viscosity of water and that = ^ci" "
at 25°C* and B_,- were therefore given thekC1 k Ul2
value -0.007 dm/mol~ . Kaminsky has extended this 
method and assumed that B^^ = at all temperatures
between 15 - 45^C. Nightingale^' has criticised this 
method, since on the basis of mobility data alone, other |
salts such as RbCl or CsCl would be more suitable.:
80Krumgal'Z; in agreement with Nightingale suggested that 
KNO-; NH^NO^, RhCl,Rbl,CsBr and Csl are also more suitable 
than KCl for the resolution of B in aqueous solution since4-
for all these salts 7\ ^ The above methods
used by both Cox and Wolfenden and Gurney yield B values 
which agree within the limits of experimental error in 
aqueous solutions.
In addition to these methods of resolution of 
B- coefficients in aqueous solutions discussed above, many
attempts have been made to resolve the B- coefficients in61
non-aqueous solutions, Gillespie, who investigated the 
viscosities of solutions of the type MHS0^ i^n sulphuric 
acid where M"^  =; Li*, Na*, K*,NH^^* and ^-Ba^* attributed the 
total B value for the salt to the cation alone, assuming 
that the HSO^ anions, which had the same dimensions as 
the solvent molecules, would have very little disturbing 
effect on the solution structure. He thus completely 
ignored the effect of the electrostatic field of the anion, 
and the B- values obtained are of comparative value only,
Criss and Mastroianni studied the viscosity of electrolytes 
in methanol solution and used the method of Gurney to
82
resolve their B- coefficients. Since ~ X^^Cl,o o K
Glwas assumed to he equal to . Tuan and Foss proposed
the equality = Bp^ g- for acetoAiU^besolutions,
o,Asince according to the results of Kunze and Fuoss ' these
ions have similar mobilities at least in methanol solution.
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Yao and Bennion used a similar assumption to divide their 
B- coefficients in dimethyl sulphoxide solution. They 
considered the B- coefficients for (i - amyl)^ Bu N* and 
B(Ph)T ions to be equal because of their very similar size 
and shape and low surface charge density, Ionic B+
coefficients for electrolytes in formamide were first86
estimated by Notary and Spiro using the viscosity data
73of Davies et al. These workers do not state how the
division was made. However inspection of their B+ values
suggests that they assumed similar contributions from Cs*
and Cl“ and assigned values of B_g+ .-s 0,21 dm/mol"^ and
B^l“ =s 0,20 dm mol*" , These B- coefficients are of
comparative . value only since the original viscosity work
contained only two concentrations suitable for valid
application of the Jones-Dole equation. More recently,
74
McDowall and Vincent have applied the method of Cox and 
Wolfenden to obtain B-î> coefficients in formamide.
4.6 KRUMGAL»Z METHOD FOR DIVISION OF B- COEFFICIENTS
In 1973 Kruuigal ’ z proposed a general method for
80
the resolution of B- coefficients in organic solvents.
87Earlier he had shown that tetra-alkylammonium salts R^N’,
■-
where R was equal to C/^  and above, and other complex organic 
ions e.g, iso-Am^BuN*, Ph^B™ and Ph^As* are not solvated in
n.)
organic solvents. Their dimensions in such solvents 
could be considered unchanged and therefore constant. 
Krumgal'z argued that B- coefficients could be resolved 
into ionic components on the assumption that the 
coefficients for these ions in organic solvents were 
proportional to their volumes. From this assumption, 
and the additivity of the B- coefficients with respect 
to the constituent ions, the coefficients could be 
calculated from the relationship
■■ R4K+
B IN’" J’ iir
•
(4,4 )
AND
N* " ■“ ^R^NX
Krumgal’z calculated and tabulated Bjf coefficients lor
seven organic solvents by this method. Sacco and co- 
88workers, have used the equality of “ ^BPh”' “
B(TABBPh^)/2 to obtain ionic B- coefficients in sulpholane, 
although they incorrectly state that they use the above 
method of Krumgal’z-
The Krumgal'z method was used in this project 
to determine the B- coefficients for the electrolytes 
studied in formamide at 25^C, Relative viscosities were 
determined for tetrabutylemmonium iodide (C^Hg)^NI and 
tetrapentylamraonium iodide at 25®C. The B-
values found for the salts were:
1Ï \ Tjr-,-0.602 dmrmol“(C,.!,!," ,
TAB* = Triisoamylbutyl ion BPH^  ^ = Tetraphenyl boride ion
84
AND
%IT \ 0.801 dm/moi\ 0  ^/ kNI
(+ 0 .01)
The ionic radius of the loo was taken as 0.385 nmn .y 4
as determined by Krumgal*% . Data from the same source, 
on the variation of the radii of tetra-a^kylammonium ions
with I:he number of carbon atoms, was used to calculate the 
radii of which was found to be 0.430 nm.
Application of equations (4,4 ) and (4. 5) gives
)^N+ 0.0571
0.0795
AND
-0.602 - 0.801
.3.
B/r, TT \ “ 0.706 dm niol“ and I~ therefore has the value
solving these two equations gives B/p h \ - 0.507 dm mol
■ —  r\ ^  r? tn T*t 1 o  n  X
(CglliD'l”'
13^ ” = 0.095 dra^raol“ . The additivity princiule now enables' I
the remaining ions studied to be assigned' B+ values
It should be noted that the Krumgal’z method and 
that of Cox and Wolfenden require ionic radii values to be
3known very accurately. The function in r used in both 
methods yields the ionic B- coefficient calculated sensitive 
to small changes in the ionic radius r.
The ionic radii used were calculated by Kruragal’z 
using Stokes’ law at 25^0 only. No information on transport 
numbers or ionic equivalent conductances in formamide at 
temperatures other than 25^C are available in the literature, 
this method of determining B- coefficient therefore could
- 85
not be extended to the higher temperatures studied.
4.7 B- COEFFICIENTS DIVISION BY TÏÎE CORRESPONDENCE PLOT TECHNIQUE_____________ _________ ______________
The linear relationship between ionic viscosity
B- coefficients and ionic entropy was first demonstrated
55 *”nby Gurney . By plotting B^ against S^ he obtained two
almost parallel straight lines. When the partial molal
ionic entropies were split using the convention S^H =
0,0 J K~ mol** ; bis plot showed that the points for the
positive ions lay along one straight line while those for
negative ions lay on an almost parallel line fig (4,3 ),
1Gurney found that if he assigned a value of -23*01 J K 
moi~^ to the absolute ionic entropy of then both the 
positive and negative ions produced a single straight line, 
fig (4. 3)
O  ANIONS
5 0  CATIONS
CORRESPONDENCE PLOT0
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dm mol 0
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0
0 83.7 167.4
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J k"^  mol*^
The broken line is the correspondence plot for the positive 
and negative ions obtained by making H = -23*01 J ïC^mol*”^
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Since Gurney effectively made use of the ionic 
B- coefficients to obtain a more satisfactory division of 
partial molal entropies of electrolytes, it seemed that 
this correspondence technique could be employed in reverse 
to obtain ionic B- coefficients. Partial molal entropies 
of electrolytes in forraamide have been divided into their
ionic contributions by means of a correspondence plot by
89Criss,Held and Lulcsha . They divided the published 
partial molal entropies of the electrolytes in formamide 
by an arbitrary process. They then plotted these values 
against the partial molal entropies of the ions in aqueous 
solution and in the same manner as Gurney, they adjusted 
the ionic partial molal entropies in formamide to give a 
single straight line for both the positive and negative 
ions. The values obtained by Criss and co-workers are shown 
in table (4.4 ) converted to J kT^mol*^.
TABLE 4.4
I
%if;'I
-I
tON <
J mol"1 ' _ 1 — 1 J K 'mol ' J K~1mol-1 J ÎC"^moî^
Li^ 5.8 —20 « 0 133.1 - 153.1
Na’*’ 10.5 -15.3 147.7 - 163.0
K+ 47.3 21.5 154.4 -132.9
Itb+ 62.3 36.5 164.4 - 127.9
C8 + 1 71.5 45.7 169.9 -124.2
Cl" 42.3 16.5 153.1 — 136.6
Br“ 63.6 37.8 163.6 - 125.8
l“ 72.3 46.5 169.0 - 122.5
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The values in column one are taken from the latest
90published data by Criss and Salomon and converted to 
the appropriate SI units. These values are the absolute 
ionic entropies S° expressed in the hypothetical 1 molal 
standard state. Column two contains the values converted 
to the mole fraction standard state using the relationship
S^ = S^ - R In (1000/M^) (4.6)
where is the molecular weight of the solvent and the 
subscripts n and ra refer to,mole fraction and molality, 
respectively. The intrinsic entropy of the hypothetical 
ideal gas for the solute S^is listed in column three and 
the values were determined using the Sackur-Tetrode equation
S* = 4.184 (6.864 log^^ W + 26.00) J K“*^mol“* (4.7)
where W is the atomic weight of the gas.
Equation (4-7) is the reduced Sackur-Tetrode equation
applicable to atoms or ions with inert gas structure at 
a temperature of 25®C and a pressure of 1.013 x 10^ N ra"^.
The single ionic entropies listed in column four were 
obtained from the relationship
plotted against values, fig. (4,4 ).
:o :o ;:o (4^0 g^h = ^n - ®g
In this final conversion, subtraction of the intrinsic
entropy of such an ideal gas S® causes the entropy value
calculated to represent only the entropy change in the solvent
due to the presence of the ion. To apply the correspondence
technique, the B- coefficients were divided assuming Bj- = i
'Z 40.0 dm mol" and the resulting ionic B- coefficients were
oo
o
§
oCO
o
■[omo
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The B- coefficient for sodium was determined previously 
in a study of the viscosity of NaCl in formamide/water 
Fig. (4.4 ) shows two almost parallel lines. Adjustment
of the B ion values to produce a single straight line for 
both positive and negative ions resulted in the B ion 
values in column two of table (4.5 ) and the central plot 
in fig (4.4)
TABLE 4.5
B ion coefficients at 25^C /
'T ^ -jdm^ mol"
(1) (2) (3) (4)
. Li+ 0.311 0.307 0.378 0.150
' Na+ 0.423 0.419 0.490 0.086
K+ 0.197 0.193 0,264 -0.007
Rb'*’ 0.174 0.171 0,241 -0,030
C8 + 0.148 0.144 0.215 •rO.045
Cl"* 0,167 0,171 0.100 -0.007
Br"" 0.125 0.129 0.058 -0.032
1“ 0.095 0.099 0.028 -0.070
(1) B ion values obtained by the method of Krumgal'z
(2) B ion values obtained by the correspondence plot method
(3) B ion values determined by the method of Gox and
Wolfenden.
(4) B ion values in aqueous solution for comparison.
The B+ coefficients obtained by methods (1) and 
(2) are seen to agree within the limits of experimental error.
- 90 - I^ 
■ I4.8 COMPARISON OF THE METHODS AVAILABLE FOR THE DIVISION ?B- COEFFICIENTS__________________________________________
The original method of division adopted by Cox 
and Wolfenden has been criticised by Gurney and by |
Krumgal*z because of the assumption that particles as 
small as the hydrated Li-ion obey Stokes* Law, Gurney 
considered the problem without recourse to this postulate.
His method of division and the extension of it by Kaminsky 
are probably the most satisfactory methods of obtaining 
ionic B- coefficients in aqueous solution. Gurney was 
able to show by other means, namely studies of 8 
values that both K"** and Cl~ demonstrated similar ion- 
solvent behaviour in aqueous solution. Although this method 
did not extend to temperatures higher than 18°C, Kaminsky 
had some justification for assuming that the ions behave in 
a similar way between 0 and 45^C. Since individual ionic 
conductances at different temperatures were not available in 
formamide, this method could not be used directly in this 
work.
The ionic B- coefficients obtained by correspondence
techniques are dependent on the absolute ionic entropies in
aqueous solution since these values are used to determine
the absolute ionic entropies in formamide. However, Criss 91et al have determined the absolute ionic entropies in 
DTM.F. from solubility measurements and known ionic 
«enthalpies and they have shown that the values obtained 
by the correspondence plot method are in agreement with 
values obtained by a more conventional manner. They l)ave 
therefore, justified the correspondence plot method of 
obtaining absolute ionic entropies in non-aqueous solvents.
The values used in determining - coefficients
' I
91 -
for the ions in forraamide were calculated on the basis of 
H'*’ = -20,92 J K^^raol"”  ^ in water. This numerical value of
is the average obtained by the various methods used to
. 90determine H in aqueous solutions . This method of
division of B- coefficients is, like other methods, somewhat
arbitrary. However, excellent agreement is obtained with the
method of Krumgal*z table (4,5 ) This agreement obtained by
two completely different approaches gives confidence in the
ionic B- coefficients so determined,
Ionic B- coefficients have been determined
previously by correspondence methods in methanol and N-
oraethylformamide at 25 0 . It might be noted that the
B ion values obtained in these two solvents were consistent 
with setting B^+ = B^^- at 25^C. In formamide at this 
temperature however, the ionic B- coefficients obtained 
are more consistent with the equivalence BQ^+ = B^^- .
4,9 IONIC B- COEFFICIENTS ABOVE 25°C
In attempting to divide the B- coefficient-êof
salts determined in forraamide at 35^C, 45^C and 50^C three
approaches were considered. First, the conductance data of 
73Davies et al was studied to determine if a relationship 
existed between the temperature coefficient of mobility
and the ionic conductances in formamide similar to that
55shown for aqueous solutions by Gurney . This study was 
hampered by the lack of information on transport numbers 
in formamide at temperatures other than 25^C. The 
conductance data was split into contributions by assuming 
"that different cations and anion had the same value at the 
temperature considered. However no satisfactory relationship
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was observed when the data w a s  plotted in* an analogous manner 
to fig (4.2 ). A second attempt to divide B- coefficients
into ionic contributions was made by applying the method
89of correspondence plots used by Criss at al to obtain 
non-aqueous ionic entropies. As this method yields ionic 
entropies in non-aqueous solutions, and since and
measure similar properties, it was assumed that ionic B- 
coefficients at any temperature could be obtained by plotting 
the ionic B- coefficient at the chosen temperature against 
the standard ionic entropies at the same temperature in 
formamide. As in the method of Criss, the ionic B- 
coefficients in formamide would be adjusted to yield a 
single straight line for both anions and cations, A careful 
search of the literature failed to produce sufficient data 
on entropies in formamide to permit the adoption of this 
technique.
The third method was also a correspondence plot 
method. Fig. (4.5 ) shows the ionic B- coefficients at 
25^C plotted against the ionic B- coefficients at 35^C 
and 42.5°C in aqueous solution. Both plots give excellent 
linear relationships. It was thus assumed that a similar 
relationship might exist between the ionic B- coefficients 
at 25^C and those at other temperatures in formamide.
Figs. (4.6 ) and (4. 7 ) show these plots for forraamide at 
35^C and 45^C. The initial division of B- coefficients 
at the three higher temperatures was made assuming B._- 
= 0.00. This yielded two parallel lines for the cations 
and anions in both cases. The ionic B- coefficients at 
the higher temperatures were then adjusted to produce a 
single line to represent both the cations and the anions.
The ionic B- coefficients obtained by this method are shown
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in table (4.6 ). This method was not applied at 50 C due 
to the fact that too few salts were, studied at this 
temperature•
TABLE 4.6
' : %'1?
J
IONIC B- COEFFICIENTS/ dm" mol"'*
25°C T5°C 45*G
Li’*’ 0.311 0.284 0.265
: Na’*’ 0.423 0.356 0.328
K'*’ 0.197 0.181 0.170
Cs’*’ 0,148 0.139 0.127
Cl" 0.167 0.164 0.162
Br" 0.125 0.123 0.122
l“ 0.095 0.089 0.101
The ionic B- coefficients in formamide determined 
at all temperatures investigated were positive. With the 
exception of Li**" and Na'*’ the B- coefficients decreased 
with increasing ionic radii within a group of the periodic 
table. Na'*’ which has a larger ionic radius than Li’*’ also 
has a larger B- coefficient. This reversal in the general 
trend within a group of the periodic table for formamide 
is also observed for Li’*’ and Na’*' in the absolute ionic 
entropies values for these ions in this solvent. In aqueous 
solution, the B- coefficients decrease with increasing ionic 
radii within à group of the periodic table with no exceptions 
Since few lithium salts have been studied in non-aqueous
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solvents then no comparison between the ionic radii and |
the B- coefficients of Li"*" and Na"*" could he obtained. The 
Li*/ Na* reversal agrees with the ionic B- coefficients 
found by McDowall and V i n c e n t i n  forraamide and also 
those of Notely and Spiro^^ in the same solvent. It would 
seem therefore that this phenomena may be peculiar to 
formamide solutions. From the B- values alone it would
appear that structure-breaking is absent in this solvent.
82 ’This agrees with the opinion of Criss who considers that 
structure breaking is peculiar to aqueous solutions alone. 
However, further information is available when 6 B /  0T 
plots for the ions are studied as shown later.
4.10 TEMPERATURE COEFFICIENT OF B
The ionic B- coefficients have been plotted 
against temperature for the ions investigated, figs (4,8 )
and (4,9 ), The 0B/0T values for Li*, Na*, K* and Cs*
are negative and this is strong evidence that these ions 
are structure-making ions in formamide. The 0B/8T values 
for Cl" and Br" are practically zero within the limits of 
expérimental error. These ions therefore have very little 
effect on the solvent structure. The 9B/0T value for 
I" is small but significantly positive and I~ is therefore 
a weak structure-breaking ion in forraamide. All the salts 
investigated were overall structure-ordering salts. Thus 
while Csl has a negative temperature coefficient of B the 
structure-ordering properties of the Cs* ion overcome the 
structure-disordering properties of the l"ion.
4.11 DISCUSSION OF B-COEFFICIENTS ANI) 0 B/0 T VALUES 
Although all the ions studied at all four
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temperatures have positive B- coefficients, the 3 B/3 T 
plots have shown that I*" is a structure-breaking ion in i
formamide. The criterion, that negative B- coefficients 
indicate structure-breakers, in aqueous solution is there­
fore invalid in formamide solution. To explain the 
disturbance of the solvent structure by the presence of 
the ion, various models have been proposed. Frank and Wen 
proposed a model whereby three regions of solvent molecules 
were present in solution. Region A was considered to be a 
region in which solvent molecules, which were nearest 
neighbours to the ions themselves, were immobilised. This 
region could be called the solvation sheath of the ion.
The second region of solvent structure, region B, was a 
region of structural- disruption proposed by the authors 
to explain negative B- ceofficients. Region C the third 
region was an area of undisturbed solvent structure un­
affected by the presence of the ions. Experimental 
justification for region A was taken as the increase in 
solvent viscosity on the addition of certain electrolytes.
Region B was considered to arise because of the approximate 
balance between the two orientating influences acting on 
any given solvent molecule. One, the normal structure 
orientating influence of neighbouring solvent molecules 
and two the orientating influence of the spherically 
symmetrical ionic field on the solvent dipoles. In region 
A the latter effect persists, and the former influence 
persists in region C. Large positive B- coefficients were 
explained by assuming that small or multiply charged ions 
e.g. Li*,F~, Mg^* could promote additional structuring 
beyond the first region and overlap into region B
,4
- '  :  - - A -  ■■■■■ : !
- 101 -
thus tending” towards a net structure-making influence as
observed for these ions in most solvents. The necessity
92for region- B was supported by Prank and Evans who argued 
that the outward orientation of like dipoles in region A 
should always produce at least some disorder in region 
B but that large monovalent ions e*g. I~ exhibit more net
structure-breaking than this alone could account for.
55Gurney who used the terra co-sphere to define the area 
of solvent called region A by Frank and Wen, explained 
negative B- coefficients • by assuming that for net structure- 
breakers region B coalesced with region A, perhaps to the 
extent of extinguishing it altogether. Application of this 
model to the present results indicates that for cations in 
formamide, region B is extremely small or non-existent.
The cations are solvated in formamide and the solvation 
shell extends into the structure-breaking region eclipsing 
it. For Cl”” and Br”” regions A and B would appear to be 
in balance and no overall structure-making or breaking is 
observed. The effect of I*” on the other hand would seem 
to be the expansion of region B into region A thus dis­
ordering the solvent molecules and causing structure- 
breaking .
Frank and Wen's region A, Gurney's co-sphere
79and Nightingale's solvated radius are all based on the
postulate that around an ion there exists a region of
modified solvent differing from the bulk solvent in
structure and properties. Attempts have been made by
93various workers to determine the number of solvent 
molecules bound to the ions in this modified solvent zone.
•* 102 ~
The solvation number of ions have been determined from ^
various different measurements i.e. density, viscosity, 
mobility, compressibility etc. Unfortunately the solvation
numbers obtained from the various methods differ, sometimes
94quite markedly. Bockris has explained this discrepancy 
by pointing out that in some cases different parts of 
solvation were being determined. He proposed that the 
total effect of the solvation of ions could be dividdd 
into two parts; "primary" solvation consisting of solvent 
molecules firmly bound to the ions and "secondary" solvation 4 
which amounts to the polarisation of the solvent not |
included in the primary solvation. This partition of
4solvation effects has been supported by Samoilov who 
preferred the terms "close and "far" solvation to the terms 
used by .Bockris . Samoilov however rejects the interpretation 
that close solvation consists chiefly in the firm binding 
of the solvent molecules by the ion.
If the exchange of solvent molecules closest to the ion 
is relatively small then solvation is strong and as the A
frequency of the exchange increases, the solvation weakens.
This approach to ion solvation considers only the inter­
action of the ion with the closest solvent molecules i.e. 
close solvation, Samoilov has pointed out that the whole 
specific nature of the interaction of an ion with solvent 
molecules is connected precisely with close solvation.
He has explained positive and negative B- coefficients 
in aqueous solution by consideration of the mobility of 
the ions, the self-diffusion coefficient - of the solvent
and the temperature coefficient of these two properties.
96This treatment has been extended by Darmois who pointed
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out that for structure-making ions
H  9 T > “  11 9T
where JL^ i is the mobility of the ions and 7] is the viscosity 
of the solvent. For structure-breaking ions this relationship 
is reversed. The Samoilov approach indicates that negative |
hydration corresponds to distortion of short range order 
in solution in agreement with Gurney.
A more recent analysis of B- coefficients and 
9 B/@T values has been given by Stokes and Mills . They 
have equated the viscosity of a dilute electrolyte solution 
to that of the solvent plus the contributions from four 
other sources thus
^ o * E A Dtl = n + T| +11 +tl +11 (4,9)
Here If)* is a positive coefficient due to the ion-ion
interaction in solution and accounted for in the Jones-
*Dole equation by the term Ac". 7| is the viscosity
increment arising from the size and shape of the ion and
Eis closely related to the Einstein effect. T| is always I
positive and normally increases with increasing ionic 
radii. 7]^ is defined as the increment due to the alignment 
or orientation of polar molecules by the ionic field.
Since this causes an entropy reduction, the solution will 
be more ordered and therefore 7] ^ will be a positive 
increment. 7) ^ is the viscosity change associated with J
the distortion of the solvent structure leading to a 
decrease in viscosity. This distortion has been described 
as being due to competing forces from the solvent structure 
in the bulk and from the ionic field or the orientated 
molecules associated with the ion. is therefore
- 104 - ‘5
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analogous to Region B in the Frank and Wen model. Stokes Jl
and Mills then substitute equation (4.9 ) into the simple J
Jones-Dole equation and by eliminating the ionic inter­
action contributions from both sides they obtain
71^ + = 7)'' Be
EThe B- coefficient can now be interpreted in terms of 7] ,
7| ^  and 7j^  at a given concentration . In this scheme, I
structure-making ions are believed to have large positive 
7| ^  values since such ions e.g. Li"*" are envisaged as 
having a primary sheath of firmly bound solvent molecules 
which move as a single kinetic unit. Solvent molecules 
beyond the inner layer are also considered to be ordered 
to some extent by these highly charged ions producing 
positive values. The sum of 7) ^  + 7 } ^  will there­
fore more than cancel the negative value due to 7) For 
structure-making ions therefore 7] ^  + 7)^ ”^ 7 ) ^  and B is
large and positive. Structure-breaking ions are normally 
large with small surface densities e.g. I*". This small 
charge density leaves the ion unable to orient solvent
molecules beyond the first layer,and only weakly in the
E Afirst layer. 7] and 7] are therefore very small.
7| ® however is large due to the competition between the 
ionic field and the bulk structure. In this class of 
ions then 7]^ + 7]^<; 7|^ and B is negative.
In this treatment of the B- coefficients therefore 
negative B- coefficients indicate structure-breaking ions. 
Earlier however Kaminsky investigated the temperature 
coefficient of B and concluded that ions which have negative 
3 S / 8 T  values are structure-making and those which have
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positive 8B/9Tvalues are structure-breaking ions. He 
showed, in agreement with other workers, that the main 
points to be considered in explaining B- coefficients 
were the solvation of the ion, the structure-breaking 
contribution of the ion and the long range ordering by 
the ionic field.
The present results obtained in formamide indicate 
that solvation is dominant for cations. The negative 
values found for the cations in formamide can be correlated 
with long range ordering effects. As the temperature 
increases, this ordering of the solvent molecules by the 
ionic field is disturbed by thermal motion. The close 
solvation observed is almost temperature independent in 
the temperature range studied, 7| decreases therefore more 
rapidly than 7j ^ . The structure-breaking I~* ion categorised 
by its positive 8 B/0 T value has disrupted the solvent 
structure initially due to its presence. An increase in 
temperature therefore cannot disrupt the solution to any 
greater extent. However ^ decreases more rapidly than 
7] since the thermal energy provided has a disordering 
effect on the solvent structure. The B~ coefficient there­
fore increases i.e. 7|/7| ^  with increasing temperature.
The Cl” and Br” ions appear to have little structural effect 
on the solvent. Thus as the temperature is increased both 
7j and tj ^ decrease at the same rate and the B- coefficients 
vary little with temperature.
These findings can be explained using the Stokes 
and Mills postulate. For the structure-making cations, ^
will be large and positive and 7^ ^ will also be positive. As
/ DStructure-breaking is minimal for these ions then 7] will be
- 106
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negative but small. Therefore 7] ^  + Tj 7)^ a (id large I
positive B values will result. The negative 0B/0 T
values can be explained by assuming that tj decreases ‘
E Das the temperature increases . 7] and 7^ would change
little with temperature. This gives B- coefficients
which become smaller as the temperature increases. For
Cl” and Br” 7j ^ and 7j ^  are approximately equal. The
small surface charge densities are unable to produce a
high degree of long range order and is therefore
E Asmall but positive. The overall effect is that 7j + 7^
^  7]^ and positive B- values result. This model changes 
very little with temperature and therefore the B- coefficients
are approximately independent of temperature. For structure
E D-breaking ions t| will be small and 7^ is also small
for l" in formamide. Again ^ holds the balance between
positive and negative B- coefficients. From this approach
it would seem that 7j^ is always small in forraamide and
even for ions which can be shown to be structure-breakers
in formamide positive B- coefficients are obtained. As
the temperature is raised 7]® becomes smaller and 7j^ and
7]^ remain the same. The B-coefficents would then become
positive as the temperature increased.
The two salts studied at 25^0 to enable the
Krumgal*z method of B- coefficient division to be used
are worthy of note. The B- coefficients of (C^H^)^N I
and NI were large and positive and exhibited
similar values to those obtained for tetra-alkylamraonium
salts in most other solvents. At first glance the very
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large ions would appear to disturb the solvent structure 
and cause some structure-breaking. . However the size of 
the ions gives very large ^ values and is small
as also is ^ resulting in large B- coefficients for the 
tetra-alkylamraonium ions.
The foregoing discussion indicates that in 
formamide an ion may be a net structure-breaker, whilst 
still having a positive B- coefficient. The criterion 
that structure-breakers have negative B- coefficients as 
in aqueous solution is invalid in formamide. Perhaps 
in this solvent the border between structure-ordering and 
structure-disordering ions should be taken as a B- coefficient 
of 0.100 dm mol” . A quantitative theory to explain B- 
coefficients must therefore take into account the different 
criteria to be considered for each solvent system. Solvents 
such as water and formamide which are capable of associating 
in three dimensions are extremely complex media, and the 
straightforward treatment outlined above to explain the 
observations may therefore be too simple.
4.12 VISCOSITY AS A RATE PROCESS
2In the theory of the viscosity of liquids, Eyring 
considered that molecules displaced relative to one another 
in the course of viscous flow had to overcome an energy 
barrier between the adjacent positions. He argued that 
since the flow of a liquid is a rate process, in as much 
as it takes place with a definite velocity under given 
conditions, then the theory of absolute reaction rates 
could be reasonably applied to the problem of viscosity.
He considered a lattice model with a certain proportion
. . .
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of the lattice points consisting of holes. If two layers 
of molecules in a liquid at a distance X ^ apart are 
considered to be sliding past one another under the influence .1 
of an applied force, then the coefficient of viscosity of 
the liquid t| is by definition
7] =   L (4.11)
AJJL
where X  ^ is the distance between the two liquid layers 
of unit surface area, ^  is the shear force tending to 
displace one layer with respect to the other and A ft  is 
the relative velocity; of the two layers. In this model, 
it is assumed that the motion of one layer with respect 
to the other involves the passage of a molecule from one 
equilibrium position to another in the same layer. For 
this to occur, a suitable vacancy or hole must be formed 
by pushing away the molecules in the liquid and this requires 
a certain amount of energy. The jump of the molecule from 
its equilibrium position to an adjacent one can therefore 
be regarded as equivalent to overcoming a potential energy 
barrier. Figure (4.10) shows the lattice model considered.
X is the distance between two adjacent positions in the 
direction of the flow and whereas it is not necessarily 
identical with X  ^ it is assumed to be so. It is further 
assumed, that if no external shearing force acts on the 
liquid, the potential energy barrier is symmetrical, fig(4.ii) 
and the distance between the initial position and the 
maximum: potential energy is X / 2 .  The activated state 
corresponding to the top of the potential energy barrier 
is therefore midway between the two equilibrium positions.
By considering the rate constant for viscous flow from
■- --trSv.,.
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the absolute reaction rate theory and the specific rate 
of the forward and backward movements Eyring obtained 
the relationship
hU - A g*/RT i/ti = V ®
where AG* is the standard free energy of activation
per mole, h is Planck's constant, N is Avogadro^s number.
V is the molar volume of the liquid and R is the' gas constant. 
Since A G* = A H* - tA  S* 
equation (4.12 ) can be written as
T, =  UN e- AsVk ^ AhVKT (4 .13)
assuming A S is constant and the molar volume of the liquid 
does not change over the temperature range considered, 
equation (4.13 ) can be represented as
A e ^ s V R T  (4.14)
whereA H is the energy of activation for viscous flow.
101,102Both Anrade and Arrhenius obtained empirical relation­
ships of this form.
Rewriting equation (414 ) gives
A h *  « R din 7] /d ( 1/T) (4.15)
4.13 PODOLSKY MODEL
3Podolsky also used a lattice model to study
transport processes in liquids. He defined the rate of 
a generalised transport process as
2 (-AgV rT)n . & e (4.16)
where fl equal to D, the self diffusion coefficient
Ill
A H
d( 1/T )
For dilute electrolytes, the influence of the interionic 
attraction on the viscosity of the solution can he considered 
negligible
din
A h * - r
^ 0(1 + Be)
d  (1/T)
of the pure liquid, or 0  the fluidity of the solution, |
or U the absolute mobility of an ion. X was the distance 4.
between the lattice sites , and k was the factor in the 
absolute reaction rate expression. This treatment was 
equivalent to assigning different activation energies to 
sets of particles distributed simultaneously among lattice 
sites of equal spacing. Podolsky assumed that perturbed 
and unperturbed solvent molecules and ions used the same 
mechanism for transport, and that X was constant. From 
the application of this theory to the viscosity of aqueous 
solution, he showed that log Ü was linear with the Jones- 
Dole B- coefficient for the ions. This relationship was 
not obeyed for formamide solution.
4.14 NIGHTINGALE AND BENCK MODEL 97In 1959» Nightingale and Benck suggested that
the effect of a strong electrolyte on the viscosity of a
solvent could also be treated as a rate p’^ ocess. By
substitution of the Jones-Dole equation (1,8 ) for the
viscosity of a dilute electrolyte solution into equation
(4.15 ) they obtained p 1 t, 1Rdin ^ ^ (1 + Ac^ + Bc N
L ^  (4.17)
'1
(4.18)
'   ' '
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equation (4.18) may be rewritten as
A h* = R dimriyd (i/t ) + R/ (1+Bc) X  d(l+Bc)/d (1/t)
(4.19)
In a similar manner to the Eyring approach, the free energy 
of activation for viscous flow is given by
. » T) VA g  = RT In  ------ - (4.20)hN
In equation (4.19 ) the left hand term can be identified 
as the total activation enthalpy of the solution and the 
first term on the right hand side can be identified as 
the activation enthalpy of the solvent. Therefore
A h * = a  h * + A h * (4.21)Tlo Tls
A *where A  ^ may be considered as representing the
increase or decrease in the activation enthalpy of the
pure solvent due to the presence of the solute ions.
Since A H* is considered to represent the total ionic Mseffects equation (4.21) may be rewritten
A h* - A h *^ = v ^ A h * f V A  H% (4.22)
where A H *  and A H *  represent the effect on the activation + ""
enthalpy due to each individual cation and anion and 
V ” are the number of cations and anions respectively 
per molecule of solute. Nightingale has divided aqueous
A *  A *  A *A  HL values assuming that A  = A H  . FromMs ^ ^ K+ ^ C l ”the ionic A H values obtained he showed that a qualitative
. *relationship existed between ionic A H  values and ionic 
B- coefficients in aqueous solution.
Structure-making ions having positive B- coefficients have
''' ' ' ' -- ' ' - 
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positive enthalpies of activation and structure-breaking 
ions with negative B- coefficients have negative 
enthalpies of activation. McDowall has applied the 
Nightingale method to his viscosity measurements in 
formamide. He concluded that although his data was 
insufficiently precise to calculate reliable ionic 
enthalpies the above qualitative relationship was obeyed 
for the total enthalpies of activation of the electrolytes,
4.15 FEAKINS MODEL ,
98More recently Feakins et al have applied 
transition state theory with a slightly different approach. 
From Eyring's theory
( A g+ - AG*) RT T| = /-n = V /V e ° (4.23)' R o °
Expanding the Jones-Dole equation
Tf| = 1 + Ac* + Bo (4.24)
_ 1 As In 7) ^  = (Ac® + Be) - i (Ac^ + Be)* + — —  (4.25)2
1i.e. I n71 _ = Ac® + (B - A %  ) c + — — --* ^  (4.26)
and omitting A %  and higher terms which are normally 
outwith the precision of the measurements gives
In 7] ^  = Ac^ + Be (4.27)
Combining equation (4.23 ) and (4.27 ) gives
Ac® + Be =S In V^/ V + ( A - A g"^)/RT (4.28) •
where the subscript zero refers to the solvent, and the
parameters without subscript refer to the solution.
Ignoring ion-ion effects equation (4.28) can be written as
114
Be = In Vg/V H. ( A  - A«t) 4"'
V, the average molar volume of the solution is given hy
V =  +  X|V, =  Vo--X,(y„ V,) (4.30)
where and are the partial molar volumes of the
solvent and solute respectively.
v^-y>=M/p; ■ (4.31)
where M is the molecular weight of the solvent and 
its density. As X, tends to zero
X, = Mo o/lOOOp^ (4.32)
and in (V^/V) = X,(VJ " V,“ ) / V “ (4 .3 3)
In. (Vyv) = c(V“ - ?? ) / 1000 (4.34)
Now
A o *  = X,Apf+ (1 » X,)A|if
where A|J^ - A , the free energy of activation per mole 
for the pure solvent andAjlf^iB the contribution per mole 
of the solute to the free energy of activation for viscous 
flow of the solution.
(A *  -  A « ^ )  = Xi ( A | i ° * - A ) i : + )  (4.36)
combining equations ( 4 ,29), (4.3A) and (4,36)
gives
B = (V: - )/lOOO + ( Mo /lOOOp^ )(A|f**^ A|Jl**')/%T
(4.37)
B = (v; - V“ )/iooo H. (V° /1000) (A)i° -  AjJ,f")/RT
(4.38)
or
98 .4.Feakins has calculated A{X^  values for salts in both aqueou 
and npn-aqueous solutions from equation (4,37 )
- 115 ~
Equation (4,38 ) was used to calculate the contribution 
per mole of solute A|-l^  to the free energy of activation 
for viscous flow of the formamide solutions and the 
results are shown in table (4*7 ), The free energy of 
activation per mole for the solvent A|Xt^ was calculated
from the Eyring equation (4.20 ).
A|J.r = A  Go = KT.ln (11 ^ . V°/ hU) (4.39)
TABLE 4.7
A|lfy kj m o r ’- A H : ykJ mo1 ^ AS”.*/J k ^mol ^
25°C 35®C 45°C 50°c 25*c 25°C
LiBr 40.8 39.5 36.7 71 .9 104.6(+0.2) (±0.6) (±0.3) (+2.4) (± 8)
NaCl 47.4* 46.3 45.0 44.7 80.2 110.1(±0.3) (±0.3) (±0.3) (±0.3) (±3.0) (±10)
NaBr 44.1 43.5 42.1 41 .1 79.8 119.8(+0.4) (±0.4) (±0.4) (±0.4) (±3.9) (±13)
KCl 36.5 35.7 35.0 34.5 60.0 78.8(±0.3) (±0.2) (±0.3) (±0.3) (±0.6 ) (± 2)
Rbl 32.0(±0.3)
CsCl 34.1 33.7 33.2 33.0 47.6 45.2(±0.3) (±0.3) (±0.5) (±0.4) (±0.6) (± 2)
CsBr 31.9 31.6 31 .0 30.8 45.9 46.9(±0.2) (±0.5) (±0.4) (±0.2) (±0 • ^  ) (± 2)
Csl 30.8 30.6 30.4 30.2 37.1 21.3(±0.2) (±0.2) (±0.2) (±0.3) (±0.6 ) (± 2)
Actl vation parameters for formamide
14.4 14.3 14.2 14.2 17.1 9.0(±0.01) (±0.01 : (+0.01 ) (±0.01 ) (±0.3) (± 1)
Extrapolated Value
11C •
The V. values in the above calculation were taken I'rom99
the data by Gopal and by Bruno and Bella Monic; 
which are shown in table (4.8).
TABLE 4.8
lOO
SALT v° Ref. SALT Ref.
LiBr 28.3 100 Rbl 54.65 99
NaCl 21 .1 99 CsCl 42.3 99
NaBr 28 oO 99 CsBr 49.3 99
KCl 32.0 99 Csl 61 .05 99
By measuring D- coefficients as a function of temperature,
the activation entropy and enthalpy contributions due to 
the solute were evaluated from equations (4.40 ) and (4 /'^ )
A s y  = -d( Aixi* )/ d T1 
A A  Hi 4s t A 4"-1
Table (4.7 ) also contains the A and A values for 
the salts investigated. The activation parameters for 
NaCl and NaBr were calculated from B- coefficients taken 
from reference ( 38 ).
Table (4.9) compares the Ap^"^values for anions 
with a common cation and cations with a common anion.
(4.40) 
( 4.41)
TABLE 4.9
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- ( A h  f ^NaBr
kj mol"^
3.3
(A h i  ksci - ( A n r 'CsBr =  2.2
( A n ? *  )' NaCl - ( A  n r )csCl =  13.3
(A [I-, >NaBr — ( A  n f ^CsBr =: 12.2
4.16 DISCUSSION OF ACTIVATION PARAMETERS
A  S° and A h !^^ for ail electrolytes investigated
were found to be large and positive, as also reported for
60dimethyl sulphoxide solutions. In aqueous solutions on the
other hand NaCl, KCl, RbCl and CsCl have negative values98for these parameters. LiCl which is considered a net
structure-maker in water has a positive A  value but
a negative A  S^^ value. In formamide as in aqueous 
solutions, the activation parameters decrease with increasing 
crystal radius of the cations. This trend is reversed for
Li^ and Na*.
98Feakins et al have shown that for net structure- 
makers A A Mo"t A|X° <C A  for net structure-
breakers. All electrolytes investigated in formamide 
therefore are net structure-makers. The contributions 
of the solutes to the molar free energy of activation of 
the solutions A  are between two and three times that
of the pure solvent. The formation of the transition state 
Is therefore less favourable in the presence of these 
electrolytes.
. .. d
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Inspection of equation (4,38 ) indicates that 
activation parameters for the salts cannot readily be 
divided into ionic contributions, thus equation (4,38 ) 
can be rewritten as
(4.42)Let 0/ = Vo ( 1 -  ) ond ■& =■ V " / r T
Then
(1000 + V° ) 0X + ^  A|t^ (4.43)
and (1000 + V° ) 0 (1— x )  4- '& A|I^ (4.44)
The crucial factor in determining, ionic activation values
therefore is the division of / between the cation and the
anion. Calculation of ionic activation values for aqueous
solutions by this method indicates that 0  is not divided
equally between the cation and the anion when the values98are correlated with the ionic values of Feakins obtained
assuming equal contributions for and Cl"". However, as
knowledge of ionic activation parameter values would provide
a useful insight into ion-solvent interactions, and since
the consistency of differences in the A|JL®^  values has
beên shown above (Table 4.9) it was decided to split the
electrolyte activation parameters using an assumption98similar to Feakins, The cation and the anion with
the most similar B- coefficients in formamide for which 
activation parameters have been determined are Cs**“ and 
Cl"" . The A , A » and A values therefore 
have been divided into ionic contributions assuming equal 
values for Os’*” and Cl"* and are shown in table (4.10).
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TABLE 4.10 !
Ion Anf/ A H t V A S ? * / TAS°V .1
kJ mol"*^ kJ mol“ ^ J K~1mol"1 kJ mol"^ /
25°C 25°C 25°C Ï?
Li + 25.95 49.8 80.3 23.9
Na'*’ 30.35 56.4 87.5 26.1 g
K+ 19.45 36.2 56.2 16.7
Rb’*' 18.25 I
Cs+ 17.05 23.8 22.6 6.7
Cl~ 17..05 23.8 22.6 6.7
Br~ 14.85 22,10 24.3 7.2
1“ 13.75 13.3 — 1*3 -0.4
Formamide Parameters
14.4 17.08 9.0 Ï
For the ions Li+, Na+, Cs+, Cl*“ and Br“ both A o=^
onand A  values are positive indicating that formati
of the transition state is associated with bond-breaking
and a decrease in order. The positive A  and negative
A  values for l" suggest that for this ion formation
of the transition state is associated with an increase in
A o*order. Consideration of the A  values shows that
only the i" contribution is less than the free energy of 
activation for the pure solvent. The formation of the 
translation state is therefore more favourable in the 
presence of the I*" ion than in the pure solvent alone.
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This in the Feakins^® classification is evidence for I"" 
as a structure-breaker in formamide.
Taking into considération B~ coefficients 0 B / 0  T 
values and activation parameters for the ions, it can be 
concluded that cations enhance the structure of formamide, 
decreasing in the order Na^Z> Li"*"Z> ^  Rbt> Cs*. The
anions Cl" and Br" show neither definite structure- making 
nor structure-breaking properties in this solvent.
Similar conclusions for Br" in formamide were reached by103Somsen from the partial molar heat capacities of CsBr
in formamide. Only l" shows definite structure- disrupting 
properties in formamide. These trends in the order of 
ion-solvent interactions in .formamide : are in close
agreement with those found from solvation numbers in
93formamide . These observations can be understood in
terms of the mechanisms of solvation of protic solvents.104Parker has classified solvents under two headings, Protic 
solvents e.g. water, formamide and methanol are characterised 
as having protons available for hydrogen-bond formation, 
whilst dipolar aprotic solvents such as N, N- dimethyl— 
formamide are only very weak proton donors.
The solvation of cations in protic solvents
12has been investigated by Parker et al by measuring the
free energies of transfer of K"^  from water to formamide.
This study demonstrated that and formamide interacted 
through the oxygen atom of the amide. The C - 0 bond of 
the formamide molecules in the first solvation sphere around 
a K'*’ ion was considered as having less than full double 
bond character. The bonding in these molecules was thought 
to be more like structure (4.12)than the normal structure (4,13) }
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Small anions e.g. F" and Cl" are strong hydrogen-bond 
acceptors and therefore in protic solvents they show 
strong hydrogen-bonding interactions .rather than specific 1:1 
ion-dipole interactions. For large anions such as l" 
localisation of the charge occurs resulting in weak 
hydrogen-bond acceptors. As these anions have small 
charge densities their ion-dipole interactions are weak. 
Large anions therefore show only weak ion-solvent 
interactions in formamide.
N" =  C N   C ?/  \  /  \
(4.12) (4.13)
and alkali metal ions such as K'*' were considered to show 
purely electrostatic ion-solvent interactions in this 
solvent.
It has been shown that the solvation of anions
in protic solvents decreases strongly ih the series OH ",
P" Cl" !> B r " >  >  l" . Anions are solvated by ion- 
dipole interactions, on which is superimposed a strong 
hydrogen-bond which is greatest for small anions e.g.
CHAPTER FIVE
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BINARY LTQTTID MIXTURES
5.1 INTRODUCTION
The study of binary liquid mixtures provides
a method of investigating the physical forces acting
between two molecules of different species. Initial
predictive attempts to explain the properties of liquid
mixtures were based on the assumption that the A - B
forces between two molecules A and B were always
determinable from the strengths of the forces A -A and
B - B. If the A-B forces were always some average of
the A - A and B - B forces, then the properties 6 f
binary mixtures would be predictable , in principle, from
a knowledge of the pure components alone. However, such
averaging is not universally valid and is unsatisfactory
for many classes of substances and inadequate for detailed
interpretation of even the simplest mixtures. The observed
properties of a binary mixture should be used as a source
of information about the A-B forces. In recent years, the
emphasis has changed from attempts to explain the properties
of liquid mixtures solely from a knowledge of those of the
pure components to attempts to derive the observed properties
10qby statistical mechanical theory  ^ and group solution' 
models^^^. The term complex formation is often used when 
strong specific interactions exist between the molecules of 
the mixture. However, the general situation involves the 
correlated motion of two or more molecules over a time which 
may last from picoseconds to many seconds. Thus very weak 
interactions will also alter the time averaged behaviour of 
the system and lead to thermodynamic quantities which are
12;
not the averages oi the properties of the pure components.
In an analogous manner to the study of ion-solvent
interactions in electrolyte solutions, viscosity measurements
107 108have been widely used ® to investigate solute-solvent ti
interactions in binary liquid mixtures. Since formamide i
k
and the first four members of the n-alcohol homologous i
series are all associated liquids, it was considered that 
strong specific interactions might exist, in binary mixtures 
of these comp on en ::s and that such Interactions could be 
monitored by measuring the viscosity of the mixtures.
The viscosity of binary mixtures of formamide in methanol, 
ethanol, propari-1-ol and butan-1-ol was therefore determined 
over a range of temperature between 20^0 - 50^0. The
formamide/methanol system has been studied by Merry and
1 no 1 10 '58Turner , Kozlowski and also McDowall at a series of
temperatures, but no evidence for complex formation between
these two components has been found. Merry and Turner also
investigated ethanol /formamide binary liquid mixtures and
again concluded that no strong specific interactions were
present ^ ,
5.2 EXPERIMENTAL
Binary liquid mixtures were prepared by weight 
and all solutions were stored in flasks with ground glass 
joints, and sealed with a paraffin, film. The viscosity 
and density of the prepared solutions were determined by 
the procedures described in chapter II.
5•3 RESULTS AND DISCUSSION
The absolute viscosities for the binary liquids, 
calculated from the viscometer constants, the efflux times
' " : ~v L -.-A-.:,. .i- i .
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and the densities of the solutions are shown in graphical ^
form for the four systems at the chosen temperatures in /
figs. ( 5• 1 )-^ {5*4). The numerical results are tabulated 
in Appendix 4.
In the following discussion, raethanol/formaniide |
will be termed system 1, ethanol/formamide system 2,
propan-1-ol/formaraide system 3 and butan-1-ol/formamide |
system 4. From figs. (3.1) and (5.2) the viscosity of 1
systems 1 and 2 decrease constantly from formamide to
alcohol. The shapes of these isotherms are characteristic
of systems in which no addition compounds or addition
111compounds of low stability are formed . The negative 
deviations from additivity of the viscosity of these systems ?
does not necessarily mean that the alcohols do not interact %
with formamide in the sense of hydrogen-bond formation. /
However, the main factor producing a viscosity isotherm 
of this shape is probably the disruption of the hydrogen- 
bonded formamide structure. The solute-solvent interactions 
occuring in these systems are insufficiently strong to exceed 
this negative influence and therefore no viscosity maximum 
is observed.
The propan-1~ol/formamide system displays S- 
shaped viscosity isotherms. At 20^C the curve has a point 
of inflection but no viscosity maximum. However, of the 
fifteen solutions studied for this system, a solution of 
composition = 0.0486 had a viscosity at 20^C less than 
that for pure propan-1-ol. This type of isotherm is con­
sidered to be the result of the formation of a compound
111of low stability . In this system the contribution of 
the compound to the viscosity of the mixture is insufficient
— :----- '^ JL i------------------------:---------------------i-i---- ----------- r • k - l A  % " "A .:- t'.J-.. 1 -f-.,
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to produce a viscosity maximum.
The hutan-1-ol/formamide binary liquids are 
characterised by, more pronounced S-shaped isotherms than 
the propan-1-ol system at the four temperatures investigated, 
suggesting that a compound is formed which is more stable 
than that between propan-1-ol and formamide. Both minima 
and maxima occur in this system. The minimum is found 
towards the lower viscosity component and is probably due 
to the disruption of the hydrogen-bonded liquids, while 
the maximum, which is displaced towards the more viscous 
component, may result form the large contribution of the 
compound to the viscosity of the mixture.
For the first two systems discussed above, as 
the temperature increased, the negative deviation from 
additivity became less pronounced. The latter two systems 
showed less obvious S-shaped isotherms with increase in 
temperature. The solute-solvent interactions therefore 
are more easily observed at lower temperatures. The 
temperature coefficient of viscosity however is an extremely 
important parameter and is used in a subsequent section to 
calculate the activation parameters for viscous flow. The 
reduction in the observed interactions as the temperature 
is increased is due to the rise in thermal energy of the 
system, the weak interactions and low stability compounds 
formed at low temperatures become less stable as the 
temperature rises. The viscosity of the mixture therefore 
receives smaller contributions from the compound with the 
decreasing stability of the latter.
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5.4 EXCESS VISCOSITY
The calculation of excess viscosities provide;
a more quantitative estimate of complex formation in
res 
107
Ïjbinary liquid mixtu . An excess viscosity 7| is
normally defined as
= T) - -n 1 - ^ zt\ 2 (5.1)
where 7] is the viscosity of the mixture and the subscripts
1 071 and 2 refer to the two components. Port and Moore 
have correlated the excess viscosity with the maximum heat 
of mixing of the solutions and have shown that t| ^ is linear 
with A  From this they concluded that ^ is related
to the strength of the interaction between the liquids
A Msince A  H is an approximate measure of the strength of 
the interaction.
The excess viscosities for the four systems studied 
in formamide were calculated from equation (5.1). Since 
complex formation is most evident at the lowest temperature, 
If)® was determined at 20°C only. The results obtained are 
shown in figs (5«5) and (5.6 ), Negative excess functions 
are normally interpretated as indicating no specific inter­
action between the molecules of the mixture, while positive 
excess functions are taken to suggest strogg interactions 
and complex formation* Fig (5*5) indicates clearly that 
both methanol and ethanol/formamide solutions have large 
negative excess viscosities over the complete concentration 
range, Propan-1-ol on the other hand shows positive excess 
viscosities when mixed with formamide at concentrations
0.4 and above. When small concentrations of formamide 
are added to propan-1-ol negative excess viscosities are 
obtained. The maximum negative excess viscosity was
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1iobtained at = 0.7. The butan-1-ol formamide system 
is also characterised by minimum and maximum turning 1
points in the -yjp /mole fraction plot fig. (5.6). The 
lowest excess viscosity in this system appears at X^=0.1 
but the maximum excess viscosity appears at the same 
concentration as in the propan-1-ol/formamide system,viz.
= 0.7.
These results confirm that although weak inter­
actions inevitably occur in systems 1 and 2 there is no 
strong specific interactions and no evidence of complex 
formation. Systems 3 and 4 on the other hand show signs 
of strong specific interactions at a concentration of
= 0.7. With a much higher maximum^ system 4 would
appear to form a more stable complex than system 3.
5.5 ACTIVATION PARAMETERS FOR VISCOUS FLOW
In chapter 4 (p.|]0) it was shown that if the 
variation of molar volume and entropy of activation with 
temperature is ignored, the viscosity of a liquid can be 
represented by equation (4.1%)
= hN e AG*/RT (5.2)T) - V ^
or
T, . M  ^  ( A h V r t  - A s V r ) (5.3)
SO that a plot of InT] against 1/T should be linear with 
a slope of (A  G/2.303H ) • This was found to be true, for 
the present results and values of A H * , A  G*and are
shown in appendix 4 for the four systems and illustrated 
in figs. (5.7 to 5.9)
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The results of A  G , A  H and A  ^  for the pure components
112compare favourably with available literature values .
The most striking feature of the plot is the negative sign 
of A s *  for methanol since Eyring^ suggested that A  S* will 
be large and positive for all associated liquids. The 
othçr pure components have indeed large and positiveA s' 
Values. For systems 1 and 2 the activation parameters for 
viscous flow increase in an almost linear manner from pure 
alcohol to pure formamide, again indicating no strong inter­
actions between the components. This conclusion is in 
agreement with that of Merry and T u r n e r ^ K o z l o w s k i ^ ^ ^  
and McDowall , for the methanol/formamidc system. Kozlowski 
considers water /formamide and methanol/formaraide binary 
liquid systems to be 'perfect* liquids from viscosity measure­
ments. A cryoscopic study of the methanol/formamide system 
11 %by Joukovsky showed that no complex formation occurs. It 
might be concluded that the following type of species has a 
similar free energy of formation to simple amide or simple 
alcohol clusters fig (5«10]{^
/H'' H-'fig 5.10 N'
With., system 3 the A H and A S versus oompositlon. plots have 
both maxima and minima figs. (.5.8)and(5.9) The maximum in A H* 
plot is probably due to a loosening of the associated 
propan-1-ol molecules on the addition of formamide. As X^^O.1 
the enthalpy of activation for viscous flow increases to a 
maximum value at a concentration of = 0.7 suggesting
a more tightly packed structure i.e. a tendency towards
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compound formation. From fig (5.8 ) the maximum in the
A ^A  H value for system 3 indicates the formation of a 
compound = 0.7. Figure (5*9 ) is a plot of the entropy
of activation of viscous flow A  S* against composition.
This term is associated with the entropy change occuring 
when a molecule in a position of minimum free energy in 
a solution frees itself, perhaps by severing some hydrogen 
bonds, in order to be activated to the transition state for 
viscous flow. Although the A  G* parameters for the four 
systems are plotted on the same graph and likewise for the
A h * and A s *  values, these parameters cannot be compared 
directly for the four systems because of the pre-exponential 
volume term in equation(5*2)
System 4 shows plots forA  H* and A  S* similar to
Athose of system 3« The A  G plot shows no maximum or 
minimum for this system. As the concentration of formamide 
Increases the free energy of activation for viscous flow 
decreases and levels off betwen X^ = 0.2 and X^ = 0.5.
Above this latter concentration the A  G* value decreases 
steadily. The A n* against composition plot for this system
indicates a compound of X^ = 0.7 as for system 3.
114Erdey-Gruz et al have studied the viscosity of
mixtures of methanol, ethanol and propan-1-ol in water. Like 
formamide, water is a protic solvent, associates by hydrogen- 
bonding and causes an exchange of hydrogen-bonds when mixed 
with formamide. These workers showed that the three alcohols 
when mixed with water, exhibited viscosity maximums at about 
20-25 mole $ alcohol concentration. As noted in this project for 
propan-1-ol and butan-1-ol in formamide, the water/alcohol 
systems also showed greater Viscosity maximum at lower
■7,
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temperatures and with increasing length in the carbon 
chain of the alcohol. The authors concluded that the 
viscosity maximum was a consequence of a specific inter­
action between water and alcohol in which hydrogen-bonds 
formed between the alcohol and water molecules play an 
important role . Meihanol and ethanol are both capable 
of forming compounds with water but are unable to do so 
with formamide at the temperatures studied. The formation 
of complexes between water and monovalent alcohols is 
considered to take place by hydrogen bonding and by the 
occupation of the structural cavities of water. At lower 
concentrations, the molecules of the alcohol occupy these 
cavities and deform but do not destroy the water structure.
As the concentration increases however, there is insufficient 
cavities for all the solute molecules and a new type of 
hydrogen-bonded liquid structure is formed. In formamide/ 
alcohol solutions it is possible that the size of the ; 
methanol and ethanol molecules is sufficiently small to 
fit into structural cavities in formamide. With the higher 
alcohols, propan-1-ol and butan-1-ol, the molecules may be 
too large to enter the cavities and hydrogen bonded complexes 
are formed.
5.6 PREDICTION OF THE VISCOSITY OF LIQUID MIXTURES
A number of relationships have been proposed to 
predict the viscosity of liquid mixtures, most of which 
are empirical while the remainder are based on the free 
volume or similar models.
For ideal liquids, Arrhenius^ proposed the 
empirical equation for viscosity of a binary mixture:
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In
where and are the volume fractions and -fj ^  and nf) p 
are the viscosities of the pure components A and B 
respectively. An equation which introduced a term to take
account specifically of molecular interactions A --- B was
introduced by Dolezalek^^^ and later by Hind et
~ *A ^ A  *3 ^ B  + ^^A^B AB (5*5) 
where 1f| was termed the 'mutual viscosity ’ coefficient ' .
In 1960 Bearraan and Jones^^^ derived an equation similar
to the above from statistical mechanics. Their basic
assumption was that the mean frictional forces acting on
the molecules of a binary system were related to the gradients
of the local thermodynamic properties and to the relative mean
velocities of the components. They showed that the viscosity
could be represented by the sum of three integrals representing
the interactions of like and unlike pairs of molecules. On
the basis of the statistical mechanical theory of Frenkel^
and the rate theory of Eyring^, Tamura and TCurata derived
a semi-empirical relationship similar to that of Dolezalek and 4
Hind,
5.7 TAMURA AND KURATA EQUATION
117 2Frenkel and Eyring have shown that the viscosity
of a pure liquid is given by
Tf) A = (kT/v^) X a  (5.6)
where k is the Boltzmann constant, T the absolute temperature 
and v^ the volume occupied by one molecule of the liquid.
X ^ represents .the relaxation time of flow and is given by
■ '‘v
- 141 -
X ,  = (h/kT) e AG%/RT (5.7)-X"where h is the Planck constant and A g^ is the free energy
of activation for viscous flow relating to A  ^ A contact
of molecules. Tamura and Kurata applied the same procedure
to describe a mixture of liquids A and B and introduced the
- . *term "mutual activation free energy of viscous flow". A  G^g,
relating to A --- B molecular contacts. % was taken to
be the relaxation time of flow of a molecule A in liquid B 
where
T AB “ (b/kT) (5.8)
If. x^ and Xg were the mole fractions of A and B and the
probabilities of the molecular contacts A  A, B  B
and A --- B under the condition of random mixing were then
2 2given by x^, x^ and 2x^Xg respectively, T was then assumed 
to be given by the weighted mean of the indi^ j dual relax­
ation times; ^ 2 2  . ,
“ V a - * - ^ V b \ b  (5-sl
AB =
Thus
kT
(**A ''b )^
AB (5.10)
i * 4  ( AT\ = ' ''a -• v ~ )  Nb-*-2XaV / 'AB
(5.11)
where the parameters with no subscript refer to the mixture.
The volume fraction of liquid A is obtained from
=A/A W a p
~  Pa (5.12)
whei-e p is the density of the mixture, p^ is the density of 
component A and V/^ is the weight fraction of component A 
hence
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HI = %A T| A + V b ^Ib
(5.13)
This equation is similar to that of Dolezalek but introduces
a degree of dependence of the viscosity on the volume. It
118was shown by Tamura and Kurata ' that the agreement between 
their equation and the experimental results for a number of 
systems was considerably better than that for the Dolezalek 
model.
5.8 MATO AND HERNANDEZ EQUATION
These workers pursued a similar argument to the
above but considered that the probability of molecular
interactions A A, would be given by the product of the
mole fraction and the volume fraction of the particular
11Qspecies and suggested the relationship
T\ = T A + + ^^A^B 5)aB (5-14)
This is of the same form as equation (5.13) with the mole 
fraction replaced by the volume fraction.
The foregoing equations for the viscosity of a
binary mixture are derived from Eyring*s activation state
2 120 theory which has been criticised by Rice et al . The
latter workers suggested that it is merely a parametric
representation rather than a molecular theory, since the
parameters from it cannot be related to^ the intermolecular
potential or the radial distribution function. Rice and
coworkers admit however that the Eyring model is easily
visualised and that if the resulting formulae are considered
to be parametric representations ; the adjustment of the
parameters often leads to useful representation of the
experimental data.
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5.9 APPLICATION OF THE DOLEZALEK, TAMURA-KURÂTA AND MATO- 
.HERNANDEZ EQUATIONS_______________ _____________
The experimentally determined viscosities for the four 
binary liquids have been compared with viscosities calculated 
from the Dolezalek, Tamura-Kurata and Mato-Hernandez equations.
The predicted values of the absolute viscosities, together with 
the magnitude of error ■ were calculated for each system at 
different compositions by polynomial regression analysis. The 
percentage error between the calculated and experimental viscosities 
was determined for each composition and an average percentage error 
calculated for each binary liquid system. This average percentage 
error was the criterion used to determine the model best suited 
to a particular binary liquid system. Table (5.1) shows the 
average percentage error and the mutual viscosity coefficient
Ij calculated for each system from all the compositions 
investigated.
From Table (5.1) it can be seen that all three equations 
provided an adequate description (+4%) of the binary mixture 
methanol/formamide. The Dolezalek equation however was slightly 
better than the other two models for this system. As the solute- 
solvent interactions decrease with increasing temperature, all the 
equations provide a better description of the four systems at 
higher temperatures.
The three equations were able to describe the 
ethanol/formamide system more precisely thatn the methanol / 
formamide system. This is possibly due to the similarity in 
molecular weights of ethanol and formamide (46.07 and 45.04 
respectively). Since the Tamura-Kurata equation introduces
TABLE 5.1
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METHANOL/F ORMAMIDE
MOlDEL 20°C 30°C 40°C 50°C
1 7pError 3.66 2.93 2.43 1.87
^  AB/J m^s 0.00086 0.00078 0.00070 0.00063
2 7oError 3.85 3.-11 2.61 2.08
If) . -3 ‘ AB/J m s 0.00082 0.00075 0.00068 0.00060
3 7cError 3.80 3.29 2.77 2.29
^ AB/J m'^ s 0.00079 0.00072 0.00065 0.00058
ETHANOL/FORMAMIDE
1 7.Error 1.41 1.26 1.04 0.79 3
^ AB/J m^s 0.00184 0.00149 0.00122 0,00101 I
2 7oError 2.03 1.82 1,53 1.40 Î
"Ï) , -3 AB/J m-^ s 0.00210 0.00168 0.00137 0.00113 ■; % ;
3 7.Error 2.17 1.92 1.59 1.45 - A
"Y) . -3'AB/J m s 0.00227 0.00181 0.00146 0.00121
■ ;
TABLE 5.1 Cont.
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PROPAN-1-OL/FORMAMIDE
BUTAN-l-OL/FORMAMIDE
MODEL 1 DOLEZALEK
2 TAMURA/KURATA
3 MATO/HERNANDEZ
MODEL 20°C 30°C 40°C 50°C
1 %Error 5.08 4.25 3.59 3.06
'AB/J m s 0.00311 0.00235 0.00184 0.00148
2 7oError 4.93 4.24 3.66 3.18
^  AB/J m^s 0.00356 0.00268 0.00210 0.00169
3 7cError 4.08 3.53 3.01 2.56
7] -3 'AB/J m s 0.00369 0.00278 0,00218 0.00176
I
1 7oError 6.26 5.47 4.76 4.06
71 -3 'AB/J m s 0.00408 0.00309 0.00238 0.00188
2 7oError 5.17 4,49 3.91 3.36
^  AB/J tn^ s 0.00466 0.00353 0.00273 0.00217
3 7oError 3.49 2,93 2.50 2.04
71 . -3'AB/J ras 0.00459 0,00347 0.00268 0,00214
'^'4. 'y -T.
14: 3
a dependence on volume it might be considered that this 
equation should have defined the methanol/formamide system 
better than the ethanol/formamide as the molar volumes
of methanol and formaraide are very similar (40,5 and 39,7 
respectively), As noted for the methanol/formamide system, 
the simplest of the predictive models, the Dolezalek 
equation, defines the system best. This fact that the 
simple model gives a better description of methanol and 
ethanol/formamide mixtures than the more complex models 
may be a further indication that no strong interactions 
are present in these systems.
For the propan-1-ol/formaraide system the Mato- 
Hernandez equation provides the best description at all 
four temperatures. With the probability of compound 
formation in this system, the Dolezalek approach appears 
to be too simple and is the least successful. The 
estimated viscosities however were still within 5^ of 
the experimental measurements for all models.
The butan-1-ol system was also best described 
by the Mato- Hernandez equation which appears to provide
a better estimate of the viscosity of solutions which have 
strong A - B interactions. This equation has been criticised 
by I r v i n g ^ w h o  considered that it could not he validly 
applied to sytems with both maxima and minima in their 
viscosity isotherm. In this work however, the predictive 
ability of equation (5,14) has improved as the maxima and 
minima in the viscosity isotherms become more apparent from 
propan-1-ol to butan-1-ol/formamide, figs. (5.3 and 5.4).
It is instructive to determine the activation 
parameters for viscous flow from 7] values obtained by
- 147 -
the various models. Associated liquids have been divided
112into two classes by Tyuzyo according to the variation
of A n *  with temperature. Liquids which haveA H values 
independent of temperature as high as their boiling points 
are classed as associated liquids of the first kind, whereas 
liquids demonstrating A H* values which decrease with in­
creasing temperature are termed as associated liquids of 
the second kind. In this interpretation saturated alcohols 
and formamide were classed as associated liquids of the 
first type, a classification supported by this present work 
and demonstrated by fig. (5.10 ). " Y ] v a l u e s  determined
Jyy the predictive models have been plotted against 1 / T  and 
the T| values obtained from the most successful model 
were used to determine the activation parametersAg 
A h and A for the systems. These parameters are
compared with those for the pure components in table (5.2).
TABLE 5.2
System
Formamide in
Model
kj mol*"^ kJ raol~^ J K-l mol'l
Methanol
Ethanol
propan-1-ol
butan-1-ol
Dolezalek
Dolezalek
Mat o—’Hernandeî 1Mato— Hernandeî
10.92
13.19
5 - 15.22
5. 16.09
9.98
14.98
19.39
19.37
-3.14 
6.02 
14.01 
11 .01
Pure Components A G* A h * As*
Methanol 9.97 9.72 —0.84
Ethanol 12.58 13.29 2.59
propan-1-ol 14.62 17.08 8.25
butan-1-ol 15..83 18 ,58 9 .23
Formamide 14.37 17.04 S.97
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METHANOL/FORMAMIDE
The graphs of In-q against 1/T for all three
models showed some curvature. The Dolezalek model produced 
the most linear plot and the activation parameters were 
calculated from this model. From table (5.2) A is
smaller than that for either of the pure components,
A is almost equal to that for pure methanol suggesting
that a similar number of bonds must be broken for viscous 
flow in the mixture as in pure methanol. The A  and
A H^^g values combine to give a A  value which lies 
between those of the pure components. This could imply 
that the association of unlike molecules this system 
is less than that between like molecules. The negative 
A value for this system may indicate that the extent
of ordering in the transition states for If] If] g and If] ^ g 
is not the same.
e t h a n o l /f o r m a m i d e
All three models gave excellent linear plots of 
In 7|^g against 1/T and the Dolezalek model was again used 
to determine the activation parameters. These values 
suggest , in a similar manner to the above, that like 
molcules associate to a greater extent than unlike molecules, 
Ao*^g, A  and A  all lie between the values
for the pure components.
PROPAN-1-OL/FORMAMIDE
The 7]^g values calculated by the Mato-Hernandéz 
model were used to calculate the Ao*^g, A H*^g and A S*^g 
parameters for this system. As shown in table (5.2 ) all 
three activation parameters are greater than the values for 
the pure components. The larger A  H^^g value suggests that 
a greater number of bonds have to be broken for a molecule 
of propan-1-ol in the neighbourhood of a molecule of
I I - I  III ~  -  -  ■  ^  - I - ,  ■ ■ ' i  • '   i _ - _ _ _ - J  ' J  .  I . I
. • • '• ' . . ^ .... ^ . . .-I  ^. -. " T ' - ^
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formamide to move to the next equilibrium position than 
are required for a molecule to reach the next equilibrium 
position in either of the pure solvents. The activation 
parameters for this system suggest that propan-l-ol molecules 
associate with formamide molecules to a greater extent than 
with each other.
BUTAN-1-OL/FQRMAMIDE
The Mato-*Hernandez model gave the most linear 
relationship between In 7] and 1/t. In general the 
model which provided the best predictions for a given 
system also yielded the most linear plot for 7] 
versus 1/t. A s in the propan-1-ol/formamide system the 
activation parameters are larger than those for the pure 
components. Unlike molecules therefore would appear to 
associate to a greater extent than like molecules.
5.10 PARTIAL MOLAL VOLUME
Densities of the binary mixtures studied were
121fitted to equation (5.16)-o v°1 _2 P ■ «2 " +3/2u)ur^+ ^  ’ "1 ’ 2Mj
(5.16)
where p i s  the density of the mixture, M.^  and M^ are the 
molecular weights of components 1 and 2 respectively and 
v!^  and Vg are the molar volume of the components, is
the weight fraction of component 1 in the mixture and h 
and k are constants. The initial results indicated that 
the number of mixtures studied was too low to permit 
evaluation of accurate data. To overcome this problem, 
the data of McDowall for methanol/f ormamide was used .* 
as an additional source of experimental observations. This 
provided fourteen* observations over the entire composition
- 151 -
range and enabled the calculation of the partial molal 
volume of formamide in formamide/methanol solution and 
methanol in methanol/formamide solution at the temperature 
studied. A plot of partial molal volume against mole 
fraction at four temperatures is shown in fig. (5.U).
The partial molal expansibility of methanol in methanol/ 
formamiàe solution,
"2 = (5.17)
is shown as a function of mole fraction of methanol in 
the mixture fig.(5. 1%).
The plots are smooth curves from pure formamide 
to pure methanol. This is further evideii'^e therefore that 
this binary liquid system shows no tendency towards complex 
formation.
V -1“ '  :-Ü— —: r." ■- . v *.'• f
oo
- 153
(NrocDrouio / AiniaiSNVdxa iviow iviiHVd
O
ooÔ
S i
%oh-lO<
pr:f-(wë
O
C>>O
CM
LO
CD
154 -
5.B TIME DOMAIN SPECTROSCOPY
5.11 INTRODUCTION
Dielectric-spectroscopy methods have been used 
for a considerable time to study the molecular behaviour 
of polar systems. Historically the behaviour of polar 
molecules is studied experimentally by measuring the 
complex dielectric permittivity
= e'(w) —  i,E"((jü) (5.18)
over the necessary frequency range. As the whole field of
dielectric spectroscopy covers an unusually wide range of
frequencies, from about 10~^ to 10^^ Hz, a large number of
time-consuming frequency domain techniques were required.
In principle, the application of transient methods
is an alternative to this point-by-point approach in the
frequency domain. A single time domain pulse, applied to
the dielectric sample, yields a time domain response. When
the Fourier spectra from the signal is calculated it is
possible by selecting the components at some fixed frequency
to simulate the frequency domain response. Methods to analyse
the experimental data, developed for frequency domain measure-
122ments, can then be used e.g. Debye plots and Cole-Cole
121Argand diagrams Since the time domain signal usually
covers a large frequency spectrum, a pulse or transient
method is less time-consuming than frequency domain methods.
While transient methods have been used for a
number of years for the study of slow relaxation processes,
such as those in polymeric materials, much faster relaxations 1
have come within the scope of the method since the late i960*'®* j 
These transient methods all originate from a technique known :
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as time domain reflectrometry (TDR) developed for finding
breaks or faults in transmission lines. A fast voltage
12step, with a rise time of approximately 55x10 s, is
propagated • in a low-loss coaxial line. If a discontinuity
is present in the line, such as a section filled with a
polar material, reflection and transmission will occur at
the interface. From the time taken for the reflected step
to reach the origin, the location of the discontinuity can
be found while the change in the shape of the step voltage
is a measure of the dynamic behaviour of the discontinuity.
At present both reflection and transmission methods are
used in the study of dielectrics and the transient high
frequency methods are collectively known as time domain
spectroscopy (TDS) methods.
In physical chemistry, development was started 
124by Fellner - Feldegg who demonstrated the advantages
of the TDR method over standard frequency domain techniques 
125Suggett et al were then able to improve the original 
method leading to higher accuracies and to an increase v 
in the frequency range to about 15x10^ Hz. The extension 
to lower frequencies was then carried out by Fellner- 
Feldegg^^^ and De Loor et al^ .
At present a number of TDS techniques exist to 
evaluate the dielectric permittivités of polar meterials. 
The accuracy of these methods are at least comparable to 
that of the standard frequency domain methods. The 
advantages of the TDS system are the relatively simple 
equipment required and the very short time "taken to carry out 
the measurements.
- -
It was considered,that it might he instructive 
to carry out these measurements on some associated liquids 
and correlate these with viscosity studies. Binary liquids 
with strong intermolecular interactions would be particularly 
interesting to investigateby this technique.
5.12 THEORY
In a coaxial line, of negligible series resistance 
filled with dielectric, the characteristic impedance is 
given by
z zo
E(W) '/% (5.19)
wdnere
E £' _  ce"—
‘^ ^■0 (5.20)
represents the complex permittivity, the specific conductance 
of the dielectric, Z o the characteristic impedance of the air 
filled line, U) the angular frequency and £ the permittivity 
of free space. The propagation constanti), which governs 
the attentuation and phase shift per unit'length of A signal 
travelling along the line is given by
Vo[e (w) % (5.21)
and the propagation of the air filled line, is given by
'O 2 ^’""X ■ (5.22)
Consider a wave propagated in a coaxial line of characteristic 
impedence Zg. For the transition to a region of impedence Z
the voltage reflection and transmission coefficients p 12 12
are given by
p12 Z  -  Z o Z  -h Z o
(5.93)
. J
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AS indicated by equation (5*23 and 5.24) for a dielectric 
system, Z  i and hence p  and X will be complex, frequency 
dependent quantities. Their frequency dependence will be 
reflected in differences between the time domain waveform 
of the incident signal and of the responses i.e. the reflected 
and transmitted signals. The measurements in the time domain 
can be transformed into equivalent information in the 
frequency domain. The basis of this transformation is that 
any physically realisable pulse in the time domain f(t) is 
related to a complex spectrum F(w) in the frequency domain 
by the Fourier transform and its inverse i.e.
+0O
F{0)) = rf(t)exp dt. (5*25)
f ( t ) = J " exp 4^ W  t] d W  (5*26)rooany pulse therefore can be considered as an infinite sum 
of frequency contributions, the Fourier transform giving 
the amplitude and phase of the contributions as a function 
of frequency.
The response of a dielectric sample in the frequency 
domain may be found by measuring a suitable incident pulse 
and the corresponding responded pulse, and calculating the 
ratio of the Fourier transforms. This is exactly the equivalent 
of performing the response measurements in the frequency domain. 
If G(W) is the frequency Response of the dielectric system 
and f^ (t) and f^(t) the incident and responded pulses then
4 o O
6(0» =  .>cp(-À.ü)t]at
J  f i C t )  e x p  ( - I W t p t
(5.27)
. .. ... ' -    ■ ■ ' ■'■■953;
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G((jü) is therefore defined for all frequencies contained 
in the incident pulse.
5.13 EXPERIMENTAL 
Equipment ;
Measurements were made using a Hewlett Packard 
180 Time Domain Reflectoraetry system (l2.4pHz) set up for 
total reflection TDS.fig.(5.13) Data from this was collected 
and averaged in a Northern Scientific NS-575 Digital Signal 
Analyser, which was used to store signals from the dielectric 
sample and the short and to subtract the blank cell signal.
The corrected signals which were displayed on the NS-575 
oscilloscope were fed into a Data Dynamics teletype where 
a paper tape was prepared for computer analysis of the data.
The NS-575 could also be used to add or subtract constants 
to the signals and could output the signals in a form suitable 
for X - y recorders, tape cassettes or directly into a 
computer.
Coaxial lines and connectors fig,(5.14) were of 
the Amphenol APC 7 type. The dielectric cells were APC 7 
gold plated coaxial lines modified to the required lengths
IOCaccording to the method of Fellner-Feldegg fig. (5.15).
Two cells were constructed using machined Kel-F beads which 
made a tight seal between the inner and outer conductors.
The Kel-F bead was placed the required distance along the 
coaxial line to produce sample cells of 0.984 cm and O.O96 cm 
in length. The cell lengths were accurately measured using 
a centering light with the cell held on the moving platform 
of a universal milling machine. With the centering light 
clamped the cell was raised or lowered by means of the
- 159 -
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milling machine jack the handle of which was accurately 
calibrated in centimetres.
PILLING THE SAMPLE CELLS
The sample cells were held vertically in a
specially constructed cell holder,dismantled and filled 
with a dropper or a syringe. The cells were then re­
assembled and Inspected for air bubbles in the sample. 
If air bubbles were detected the procedure was repeated 
until an air-free sample was obtained.
5.14 TPS MEASUREMENTS
There are various methods available for measuring 
the dielectric response of a sample. A full account of
ionthese .fre given by van Gemert ' . The method followed in
this project was that of Su&gett and coworkers and is known
1 2'5as the total reflection method . On the application of 
a step pulse partial reflections and partial transmissions 
occur at the air-dielectric and dielectric-air interfaces. 
These multiple reflections, known as echoes, are shown in
fig. (5. K )REFLECTION
TRANSMISSION
INCIDENT PULSE
AIR DIELECTRIC 
C in C AA
AIR
R(LW) = 1 —  p^exp^~2Tj£j
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The simplest TDS method - the direct reflection method - 
monitors only the first reflection from the air-dielectric 
interface and its time window therefore only extends to 
the point in time at which interference from the next 
reflection occurs. The time separation between each 
reflected or transmitted pulse is proportional to the 
length of the sample, and for long sample cells (30cm)
and samples of high permittivity e.g. formamide, can j1extend to almost 20 ns . One of the possibilities of |
extending the time range is the determination of the ^
relationship between the totally reflected waveform and sj
the complex permittivity of the dielectric samole. If ij
1and p  refer to the reflection coefficients at the |Iair-dielectric and dielectric-air i n t e r f a c e s , T  21 j
are the corresponding : transmission coefficients, and U  i
is the propagation factor |
u  =  LU)[e(<.u)1''^/c I/ (5.2.8) ,
pThe total reflection coefficient R, sometimes known as the |
scattering coefficient from a length, of sample is j
given to n terms by
R n M  =  {~2VL) +  x,^p^,x^,e=<p
X,2  ^ X^ exp |^2(n— — — ----
(5.29)
In this equation, p , X  and D  are complex quantities and 
are frequency dependent.
2As p^g = - p 2 ^ and T = 1 - p , the total
reflection coefficient as n ---> is given exactly by
<5.30)
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where
Equation (5,30) cannot be solved analytically for E(Lw) 
but at least two methods of overcoming this problem are 
available. Restrictions may be imposed on the length of 
the sample; this is the thin sample method, or the equation
may be solved numerically by e.g, the Newton-Raphson
8 i
131
1iterative approach , this s the total reflection radthod
developed by Suggett et al
5.15 PROCEDURE
The sample was placed at the end of the precision 
coaxial lines and terminated with a 5oQ terminator. The 
signal was smoothed or averaged in the NS-575 digital 
analyser and then stored in one half of the memory. The 
sample cell and the terminator were then replaced by an 
Amphenol short to give a reference signal. This signal 
was smoothed and stored in the other half of the NS-575 
memory. Finally the empty sample cell with the 5oQ 
terminator attached was analysed and this signal was 
subtracted from both signals stored in the memory. This 
procedure cancelled any unwanted reflections from slight 
mismatches present in the coaxial lines and couplings.
The corrected signals were then transferred onto paper 
tape for a complete computer analysis.
The newly constructed sample cells could not 
be shorted using the standard Amphenol short. They were 
shorted using finely cut aluminium foil which fitted tightly 
into the cell and provided an electrical path between the 
inner and outer conductors at the same point as the air- 
dielectric interface in the coaxial line.
1 ■ • - ■ - I .
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5.16 TIME - REFERENCING
The signals for the dielectric sample and the 
short-circuit must be time referenced to the same point 
to prevent errors in permittivities at frequencies above 
a few G Hz. This was achieved using the very fast first 
reflection pulse on the time domain spectra
wI>
SHORTSAMPLE
TIME/ ns
FIG, 5 4 7The time referencing can best be explained with reference 
to fig. (5'I?). In a typical sample the full time domain 
spectrum may extend over a 20 ns time interval. When this 
signal is averaged and stored in the NS-575 memory it is 
divided into 512 bytes. The change in the signal is 
therefore recorded at every 3,9 xlO The reflected pulse
DE is displayed as a series of points at varying distances 
apart. The voltage change therefore increases or decreases 
at a different rate with time along DE. The point at which 
the largest voltage change occured was taken as the reference 
point for both the sample and the short. This point could 
be found either from the NS — 575 digital address register 
or by the computer analysis.
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5.17 CONDUCTANCE OF THE SAMPLE
wIo>
TIME/ ns
FIG. 51S 'The DvC, conductivity of a sample can be taken as 
the distance A  <A-B) in fig. (518 ) The larger the 
distance AB the greater the conductivity of the sample,
A large conductivity gives rise to errors in the loss 
factor. The effect of sample conductivity on multiple 
reflection methods has been considered by Fellner-
1 28 1 "z mFeldegg and by van Gemert ^ ,
1 28Fellner-Feldegg has shown that if the 
conductivity is independent of frequency it will produce 
an offset of the base line of
(11) cond 
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(2n;cr£] /( (5.32)
Van G e m e r t h o w e v e r  has shown that the d.c, conductivity 
is not independent of frequency and that the permittivity 
loss factor £*' will be given by
G" + ^cond]
where
g." ^ Cfc
ZTcf, (5.33)
and 8 is the complex part of the dielectric permittivity 
E (AW).
In this work the conductivity of N-methylformamide
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and n-tnethylacetamlde , was too large to obtain useful 
dielectric information.
5.18 CALCULATIONS AND RESULTS
Propan-1-ol, formamide, thy lacet ami de
and N-methylformamide were analysed by total reflection
spectroscopy. The dielectric signals were analysed by
computer programme to calculate the permittivities at
various frequencies. The programme firstly calculated
the conductance parameter (J called A  (A - B) in fig, (5,18).
If a negative value was obtained then Cf was taken as
zero. The time referencing procedure was then carried
out with both the sample and short referenced to the same
point,and thenumber of sampling points for the Fourier
transformation was chosen. The number of points analysed
depended on the desired frequency range chosen. The two
signals were then Fourier transformed using the Saraulon 
1method , i.e.
F ( f )  = T f ( t ) e x p  Z T t f K A t j
(5.34)
where A t  was the sampling interval. This method was 
chosen to save valuable computing time. The subroutine 
for the Fourier transform also calculated the frequency 
values and presented them on a logarithmic scale. The 
total reflection coefficient for the samples
G(W) == fVCcu)FiCw) (5 .3 5 )
was evaluated and the Newton-Eaphson iterative method^^® 
was applied to calculate the required permittivities from 
G(U)), The low frequency preinittivity ( 8^ ) was known 
for the associated liquids analysed and this was used as
•“ 168 -
the first trial value for E (JÜU)) in the iteration. The
refined £ (l CO) at the lowest frequency then became the
trial value at the next frequency until all the frequencies
had been analysed. The calculated data for all stages of
the programme for propan-1-ol are shown in appendix 5
along with the computer programme.
Two graphical methods are normally used to display
1 11dielectric data. A plot of £ against £ the Cole- 
Cole plot^^^ fig.(5* 19) has the disadvantage that the 
parameter most accurately known, the frequency,is not 
directly observed. This plot for propan-1-ol is a semi­
circle and the dispersion for this molecule can therefore
122be described by the simple Debye function :
^ ll. A W X ° .
(5.36)
where X  is the relaxation time of the molecule. The 
Debye equation may be written in various forms depending 
on the experimental characteristics required. Separation 
of equation (5,36) into its real and imaginary parts gives
E —  £oc. =  — ----- 9— y1 +a)^T^ (5.37)
and I .
1 1 1The variation of £ and £ with frequency, the Debye 
plots,are shown in fig. (5*2o) for propan-1-ol. The 
frequency is displayed on a log, scale and the dielectric 
dispersion covers a wide range of frequency. The 8^ ^
Sind X - values can be determined by using the linear relationships
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and
f
0)T
0)T £
•i- e > o
(5.39)
(5.40)
A plot of e' versus WE"will therefore give — X as the 
gradient and £^ as the intercept. The £ q and values
may also he found from the Cole-Cole plot. Elimination 
of COT between equations (5*37) and (5.38) gives the 
Cole-Cole relation
(s'- -ga± gsgJ +  (e'V Eoa
(5.41)
which is the equation of a semicircle radius 
meeting at the £ ^  axis at £^ and £oo $ the centre being 
at
The relaxation time for propan-1-ol was determined from 
equation (5.39) and the £g and values were calculated 
from equation (5.41) using a regression analysis technique. 
These calculated values are compared with determinations 
using other TDR methods and with frequency domain methods 
in table (5. 7)
P]•esent Work TDR Method Freq. Method
fo
£oo
T x10“ ^^/®
' 20.6
5,87
354
20.ô T  20.6'*
3.0," 4.2 " 
330," 325 "
20.5 
395 "
The values obtained for propan-1-ol are therefore comparable 
with existing TDR methods and frequency domain methods.
Since N-methylformamide and N-methylacetamide 
have relaxation times not too different from propan-1-ol 
it was thought that this method could be used to determine
and T values for these compounds. However
inconclusive results were obtained for both compounds due
- 172 -
it is thought, to the high conductance of the samples ? 
analysed, N-methylacetamide was studied at 40^C and the 
results are shown in the form of a Cole-Cole plot in 
fig, (5.21 This figure suggests that two relaxations 
are occuring as the frequency increases. From frequency 
domain measurements however, Cole et al*^^ have shown that 
a single relaxation process occurs in N- methylacetamide 
which can he described by equation (5 .3 6 ).
N- methylformamide was investigated at 0^0 and 
the results are shown as a Debye plot Fi&. (5.22) 
Application of this data to the Cole - Cole relationship
134failed to produce a semicircular plot. Again Cole et al 
have shown that N-methylformamide can be described by 
equation (5 .3 6 ) from frequency domain measurements.
An attempt to study the dielectric behaviour, of 
formamide by multiple reflection time domain spectroscopy 
proved unsuccessful due to the very fast relaxation of this 
molecule.
Although little success has been achieved in the
study of the amides, the results of the propan-1-ol
investigation indicates that time domain spectroscom’c
techniques are a useful tool In studying associated liquids.
The relaxation times have been studied as a function of
137temperature for the first four alcohols and the enthalpy 
of activation tor relaxation calculated. In all four 
instances the energy required for relaxation was greater 
than that required for viscous flow. In the alcohols there­
fore the molecules form holes or sites for viscous flow 
more readily than they can reorient themselves after 
structural disturbance.
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APPENDIX 1
Density and Viscosity of water used for viscometer calibration.
Temperature/°C Density/g- Ctn^ ”3  ^Viscosity/J m s ■i
10 0.99973 0.001306
15 0.99913 0.001138
18 0.99862 0.001053
20 0.99823 0.001002 -
25 0.99707 0.000890 ;
30 0.99568 0.000797
35 0.99406 0.000719
40 0.99224 0.000653 '
45 0.99024 0.000596 •
50 0.98807 0.000547
rV176 -
APPENDIX 2
THALLOUS NITRATE 25 C
C / P / \ 'Tj calc. T] ~  T] cmol dm "3 g cm- 3 R R R R
0.02011 1.00196 0.99945 0.99949 -0.00004
0.03381 1.00426 0.99880 0.99887 -0.00007
0.04037 1.00584 0.99866 0.99856 0.00010
0.06364 1.01166 0.99721 0.99745 -0.00024
0.07895 1.01503 0.99705 0.99671 0.00034
0.10121 1.01955 0.99550 0,99562 -0.00012
THALLOUS SULPHATE 25 C
0.02038 1.00692 1.00595 1.00566 0.00029
0.02984 1.01104 1.00821 1.00775 0.00046
0.04002 1.01565 1.00987 1.00992 -0.00005
0.04914 1.01907 }.01133 1.01182 -0.0049
0.05975 1.02385 1.01343 1.01400 -0.00057
0.06649 1.02721 1.01524 1.01538 -0.00014
0.07702 1.03303 1.01822 1.01751 0.00071
0.08581 1.03600 1.01922 1.01927 -0,00005
THALLOUS HYDROXIDE 25 C
0.02129 1.00093 1.00293 1.00289 0.00004
0.03385 1.00424 1.00453 1.00445 0.00008
0.03926 1.00528 1.00528 1.00513 0.00015
0.05466 1.00817 1.00695 1.00702 -0.00007
0.06816 1.01002 1.00851 1.00867 -0.00016
0.13528 1.02580 1,01688 1.00168 0.00005
APPENDIX 3
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T.ITTTT71" 25 C
G /  ^ p / . ^ calc "H —  ^ calc
mol dm 9 cm"^ R R R R
0,00769 1.13060 1.00351 1.00395 -0.00044
0.03004 1.13115 1.01407 1.01430 -0.00023
0.06520 1.13367 1.02992 1.03022 -0.00030
0.09304 1.13510 1.04247 1.04271 -0.0002A
0.10201 1 .13528 1.04743 1.04673 0.00070
0.11530 1 .13644 1.05251 1.05267 -0.0001 6
IITïïIïïy 35°0
0.01841 1.1 2254 1.00795 1.00843 -0.00048
0.06471 1 .1 2518 1.02794 1.02310 -0.00016
0.09235 1 .12667 1.03798 1.03970 -0.00172.
0.101 23 1 .12662 1.04562 1.04342 ^^00220
0.11442 1 .12773 1.04855 1.04^93 -0.00038
TTTFTTi; 9R0'"T1T1
0.01827 1.11396 1.00816 1.00799 0,CC017
0.02958 1.11353 1.01255 1.01262 -0.00007
0.04473 1.11433 1.01846 1.01875 -0130029
0.06421 1.11653 1.02731 1.02657 0.00074
0.09163 1.11797 1.03655 1.03752 -0.00097
0.11352 1.11991 1.04669 1.04622 0.00047
_.CÜLJ'lJ_ JlYf._AJ' V ' •’i- ^J, L-.,'
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POTASSIUM 25 0
0.00652 1.13015 1.00350 1.00285 0.00065
0.01147 1.13016 1.00440 1,00480 -0.00040
0.02740 1.13073 1 .01110 1.01094 0.00016 1
0.05778 1.13215 1.02320 1.02245 0.00075 :i
0.08455 1.13279 1.03270 1.01249 0.00021
0.11184 1.13415 1.04210 • 1.04268 -0.00058
POT AS Sim CHIOHTDF 35°0
11
0.00647 1.121 53 1.00260 1.00270 «0,00010 j
0.01139 1.12166 1.00420 1.00455 -0.00035
0.02720 1.12233 1.01080 1.01035 0.00045
0.05735 1.12375 1 .021 30 1.02120 0.00010 j
0.08392 1.12435 1.03070 I.O3O66 0.00004 •1
0.11095 1 .12566 1.04010 1.04025 -0.00015
RÏÏFTDITF" lODTDF ?S°0
0.01628 1.13105 1.00449 1.00514 -0.00065
0.02252 1.13578 1.00769 1.00696 0.00073
0.04553 1.13629 1.01360 1.01353 0.00007
0.05686 1.13799 1.01758 1.01673 0.00035
0.06757 1.13872 1.01891 1.01975 -0.00084
0.06892 1.13896 1.02007 1.02013 -0.00006
0.10238 1.14414 1.02952 1.02949 0.00003
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CAlüSTim CHTOBTm 25 C
0.00654 '1.I3IO6 1.00225 1.00252 -0.00027
0.01646 1.13193 1.00573 1.00592 -0.00019
0.02830 1.13300 1.00938 1.00907 -0.00049
0.05767 1.13707 1.01926 1.01954 -0.00028
0.08181 1.13998 1.02800 1.02741 0.00059
0.11064 1.14329 1.03665 1.03677 -0.00012
.CFimlDF 35°0
0.00 ;81 1.12220 1,00192 1.00219 -0.00027
0.02808 1.12419 1.00901 1.00946 -0.00045
0.05724 1.12858 1.01872 1.01870 0,00002
0.08119 1.13133 1.02669 1.02622 0.00047
0.10979 1.13445 1.03493 1.03516 -0,00023
CA87TTÏÏ' crroiTii 45°o
0.00577 1.11342 1.00278 1.00210 0.00068
0.00643 1.11389 1.00155 1.00232 -0.00077
0.01621 1.11466 1.00407 1.00542 -0.00135
0.02785 1.11531 1 .01026 1.00902 0.00124
0.02858 1.11657 1.00885 1.00924 -O.OOO39
0.05679 1.11979 1.01774 1.01781 -O.0OQ07
0.08056 1.12261 1.02538 1.02496 0.00042
0.10894 1 .12565 I.O33I8 1.03345 -0.00027
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C ASSIT":; 50^0
0.00574
0.02774
0.05658
0.08025
0.10850
1.10905 
1.11094 
1.11559 
1.11825 
1.12113
1.00240 
1.00836 
1 .01717 
1.02525 
1.05^28
1.00206 
1.00892 
1.01742 
1.02440 
1.03269
0.00034
-0.00046
-0.00025
0.00085
-0.00041
0.00008
0.01692
0.02877
0:0562:
0.0675?
0.08441
0.11219
1.15191
1.13243
1.13453
1.13872 
1.1/000 
1.14323 
1.14692
1.00299
1.00530
1.00=80
1.01664
1.01928
1.02472
1.03286
1.00302
1.00535 
1.00=81 
1.01670 
1.01994
1.02468
1.03251
-0.00003
-0.00005
-0 . 000^1
-0.O0006
-0.00056
0.00^04
0.00035
0.00901 
0.0167= 
0.05082 
0.06683 
0.08379
0.11133
1.12331 
1.12363 
1.13010 
1.13149 
1.13/66 
1.13810
1.00318
1.00488 
1.01807 
1.01860 
1.02/64
1.03005
1.00?rT 
1.00514 
1.01708 
1.01900 
1.02362 
1.03110
O.Onopo
-0.00026
0.0009^
-0.00040
0.00102
-0.00105
-  1 8 1  -
TT-r-' - D l l n -'T
O . O O R ? / 1 . 1 1 / 3 2 1 , 0 0 2 8 5 1 . 0 0 2 7 6 0 . 0 0 0 0 9
0 . 0 1 6 5 5 1 , 1 1 5 6 8 1 , 0 0 / 5 8 I . O O 4 8 P - 0 . 0 0 0 3 0
0 . 0 " 8 3 2 1 . 1 1 6 7 4 1 . 0 ^ A 0 7 ■j ^ p Q Q  A-| 0 . 0 0 0 0 6 5
0 , 0 3 5 6 7 1 . 1 1 6 < 5 1 . ^ 0 9 6 7 1 . 0 0 9 9 6 _ o . o r 0 2 9 ■5
0 . 0 5 9 3 5 1 , 1 2 1 2 2 1 . 0 1 5 0 4 1 . 0 1 6 1 7 - 0 . 0 0 1 1 3
0 . 0 6 6 3 1 1 . 1 ? ? 7 6 1 . 0 1 7 2 5 . 1 . 0 1 7 9 8 - 0 . 0 0 0 7 3 '1
0 . 0 3 3 1 4 1 , 1 2 6 0 5  - 1 . 0 2 3 8 1 1 . 0 2 9 3 5 0 . ^ 0 1 4 6
0 , 1 1 0 4 4 1 . 1 2 9 0 0 1 . 0 2 9 4 6 1 . 0 2 9 4 0 0 , 0 0 0 0 6
C ' T -t-TT-^T r r ^ p - - r ' " r ~ '
0 , 0 1 9 5 8 1 . 1 1 0 4 5 1 . 0 0 5 5 3 1 . 0 0 5 5 5 - 0 . 0 0 0 0 2
0 . 0 3 5 5 9 1 . 1 1 4 1 4 1 . 0 0 9 6 5 1 , 0 0 9 7 2 - 0 , 0 0 0 0 7
0 . 0 5 5 2 3 1 . 1 1 7 2 9 1 . 0 1 4 9 4 1 , 0 1 4 7 6 n . 0 0 0 1 8
0 . 0 5 9 1 2 1 . 1 1 6 7 2 1 . 0 1 5 4 3 1 . 0 1 5 7 5 - 0 . 0 0 ''3 =
0 . 0 6 6 0 5 1 . 1 1 8 3 7 1 . 0 1 7 2 1 1 . 0 1 7 5 1 - 0 . 0 0 0 3 0
0 . 1 1 0 0 0 1 . 1 2 4 5 1 1 , 0 2 8 9 2 1 , 0 2 3 6 3 0 . 0 0 0 2 9
i
n A i - i ttt y r- 1-^T
1
1
0 . 0 1 5 6 9 1 . 1 3 2 9 3 1 . 0 0 4 5 9 1 . 0 0 4 5 3 0 . 0 0 0 0 6 1
0 . 0 2 9 6 5 1 . 1 3 5 0 3 1 . 0 0 7 8 9 1 . 0 0 8 2 0 - 0 , 0 0 0 3 1 i
0 . 0 4 5 1 8 1 . 1 3 8 5 5 1 . 0 1  2 1 1 1 , 0 1 2 - 2 - 0 . 0 0 0 1 1 1
0 . 0 6 4 0 3 1 . 1 / 1 8 8 1 . 0 1 6 6 1 1 . 0 1 7 0 4 - O . O O O 4 3 1
0 . 0 7 1 8 3 1 . 1 4 3 5 7 I . O I 9 O 8 1 . 0 1 9 0 4 0 . 0 0 0 0 4
0 . 0 8 9 0 1 1 . 1 4 6 9 8 I . O 2 3 8 I 1 . 0 2 3 3 9 0 . 0 0 0 4 2 ■i
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0.01562 1.12430 1.00433 1.00428 0.00005
0.02941 1 .12622 1.00757 1.00770 -0.00013
0.06355 1.13310 1.01596 1,01595 0.00001
0.07134 1.13501 1.01773 1,01782 -0.00029
0.08832 1 .13808 1 .02211 1.02186 0.00025
0.10947 1.14250 1.02676 1.02688 -0.00012
CAssTm TODTm 'S O
0.01550 1,11581 1.00417 1 .00426 -0.00009
0.0291s 1.11740 1,00766 1.00765 0.00001
0.05378 1.12250 1.01347 1.01363 -0.00016
0.08086 1.12787 1.02056 1.02013 0.00043
0.09335' 1.12953 1.02284 1.02311 -0.00027
OAF'^im TOFT OF 50 0
0.00947
0.01544
0.02906
0.04455
0.05557
1.11027
1.11155
1.11291
1.11705
1.11795
1.002S8
I.CO456
1.00746
1.01075
1.01345
1.00267 
1.00416 
1.00747 
1.01110 
1.01329
0.00021 
0.00040 
-0.00001 
-0.00^35 
0.00014
APPENDIX 4
~ 183 ~
METHANOL/FORMAMIDE
K 10^ / J m ”33
T| „ X l o V  
JXf
20°C 30°C 40°C 50*c 20°C
0.0000 0.0588 0.0511 0.0447 0.0392
0.1194 0.0736 0.0633 0.0548 0.0478 -0.023
0.2001 0.0868 0.0738 0.0635 0.0549 -0.035
0.3194 0.1104 0.0925 0.0787 0.0673 -0.050
0.5025 0.1532 0.1250 0.1047 0.0892 -0.065
0.6681 0.2100 0.1678 0.1388 0.1167 -0.060
0.7587 0.2449 0.1954 0.1600 0.1339 -0.054
0.7999 0.2638 0.2092 0.1706 0.1428 -0.048
0.8838 0.3056 0.2399 0.1942 0.‘612 -0.033
1.0000 0.3758 0.2909 0.2332 0.1918 -
is the mole fraction of formamide
"• 184 -
ETHANOL/FORMAMIDE
X 10^ / J m^s
i l g X i o Y
J m~^s
20TC 30°C 40*C 50°C 20°C
0,0000 0.1199 0.0992 , 0.0829 0.0698
0.0919 0.1285 0.1059., 0.0883 0.0745 -0.015
0.2075 0.1480 0.1209 0.1003 0.0843 -0.025
0.4151 0.1935 0.1551 0.1270 0.1050 -0.033
0.5007 0.2166 0.1724 0.1404 0.1165 -0.031
0.7138 0.2802 0.2197 0.1773 0.1462 -0.022
0.7997 0.3077 0.2403 0.1932 0.1590 -0.017
0.9103 0.3432 0.2667 0.2138 0.1759 -0,009
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PROPAN-1-OL/FORMAMIDE
*1 T| X 10^ / J m”
3s
*1) X 10^/
-3 J m s
20*C 30°C 40°C 50°C 20^C
0.0000 0.2189 0.1722 0.1372 0.1107
0.0261 0.2173 0.1712 0.1368 0.1131 -0.007
0.0486 0.2185 0.1729 0.1385 0.1122 -0.009
0.0929 0.2219 0.1748 0.1394 0.1131 -0.012
0.0982 0.2206 0.1743 0.1397 0.1130 -0.014
0.1472 0.2284 0.1810 0.1440 0.1169 -0.015
0.1486 0.2274 0.1788 0.1431 0.1163 -0.016
0.2002 0.2346 0.1851 0.1478 0.1201 -0.017
0.3024 0.2610 0.2029 0.1615 0.1308 -0.006
0,4018 0.2857 0.2203 0.1748 0.1414 -0.003
0.5010 0.3108 0.2388 0.1885 0.1525 0.013
0.6007 0.3324 0.2544 0.2004 0.1618 0.018
0.6809 0.3529 0.2697 0.2123 0.1715 0.027
0.7927 0.3702 0.2828 0.2231 0.1810 0.026
0.9094 0.3754 0.2884 0.2293 0,1869 0.001
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BUTAN-1-OL/FORMAMIÜE
1
*1 ^  X 10^ / J
-3m s
.. .— ......
Tlf X 10^/
T -3J m s
1
i
i
20°C 25°C 30°C 40°C 50°C 20°C
0.0000 0.2945 0.2580 0.2268 0.1776 0.1409 -
0.0515 0.2883 0.2528 0.2229 0.1754 0.1402 -0.009 1
0.1007 0.2875 0.2524 0.2240 0.1767 0.1418 -0.016
0.1864 0.3012 0.2639 0.2340 0.1843 0.1479 -0.001 •f
0.3350 0.3306 0.2881 0.2544 0.1996 0.1596 0.009 %
0.3969 0.3449 0.2999 0.2647 0.2069 0.1656 0.018 :
0.4991 0.3730 0.3234 0.2848 0.2221 0.1776 0.038 •i«
0.5987 0.3951 0.3421 0.3007 0.2343 0.1872 0.052
0.6991 0.4121 0.3561 0,3131 0.2440 0.1954 0.060
0.8044 0.4122 0.3567 0.3139 0.2456 0.1977 0.052 ;
0.9082 0.4018 0.3492 0.3085 0.2446 0.1978 0.033 )
J . i l ' . ; s ; " - ; ' i. ■ v  .
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